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List of symbols  
 
 r Anisotropy 
rFRET Anisotropy of the dye in the presence  of the energy transfer 
ro fundamental anisotropy in the absence of rotational diffusion 
G correction factor for anisotropy measurements 
I steady-state intensity or fluorescence 
Imono  fluorescence intensity of a cluster labelled with one dye 
E efficiency of energy transfer 
ө rotational correlation time 
Ro Förster distance in resonance energy transfer 
R distance between fluorophores 
N number of subunits in a cluster 
Q quantum yield 
η  Viscosity 
τ  lifetime  
κ2 orientation factor in resonance energy transfer 
Φi fluorescence intensity of a  cluster with i labelles 
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λ wavelength (nm) 
λem maximum emission wavelength 
λex maximum excitation or absorption wavelength 
FD relative fluorescence intensity of donor 
FDA intensity of donor in the presence of acceptor 
πm(t) the probability that mth molecule is excited at time t  
 f   fraction of  labelled subunits 
VH, I⊥ intensity measured when the polarizers are perpendicular 
VV, I॥ 
intensity measured when the polarizers are parallel 
A  acceptor or absorption 
zi correction factor for intensity measurements 
qN correction factor for N considering the distances between the 
dyes 
AiN the ith element of the Nth row of Pascal’s triangle  
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Abstract 
Many biological functions, involve assembly of proteins. Protein clustering has an 
important role in signal transduction through the cell membrane. Model systems that 
simulate receptor aggregation can be used to monitor oligomerization. Techniques 
based on homo-FRET can reveal the aggregation state of receptor proteins because 
homo-FRET causes the fluorescence anisotropy of the system to decrease when the 
number of identical fluorophores within energy transfer distance increases. Theories 
that describe these systems apply an assumption of equal fluorescence efficiency for 
all sites [1, 2], that means emission intensity of fluorophores do not change when in 
close proximity with each other in a cluster. However, most fluorophores in close 
proximity show either self-quenching or emission enhancement.  Previous theories 
that were devised to study fractional labelling of proteins were only applicable to 
cases where the distances between the labels were less than 0.8Ro, while in practice 
the distances between the dyes are more in protein aggregates.  
Three different systems were chosen to mimic aggregation of fluorescently labelled 
receptor proteins and analytical expressions were presented for fully labelled and 
fractionally labelled clusters and the experimental results from the three systems 
were analyzed. The systems were: a)stochastically labelled BSA containing up to 24 
FITC, b) DNA fused trimeric clusters of fluorescein (stochastically labelled), and 
c)DNA Holliday junctions labelled with fluorescein (in a range of sizes). The inter-
probe distances on the DNA constructs were designed to be up to 1.5 Ro to cover 
cluster sizes of larger protein clusters. The experimental results showed that: 1) none 
of the clustered species followed the assumption of equal fluorescence efficiency, 2) 
by applying the assumption of equal fluorescence efficiency, anisotropies were 
under-predicted and cluster sizes were under-estimated in systems that show 
quenching and 3) anisotropy behaviour of a multiply labelled cluster of a particular 
size depends on the behaviour of the fluorophores and their distance in a cluster. 
As a result of the theory presented here, the size of larger clusters than currently 
considered possible can be determined; if they are strongly quenched and their 
fractional labelling is carefully selected.  
  
6 
 
Table of Contents 
Acknowledgements .............................................................. 2 
Abstract ............................................................................... 5 
Publications........................................................................ 10 
1 Protein Aggregation and Fluorescence ........................... 11 
1.1 Introduction ............................................................................................. 11 
1.2 Protein Aggregation in Living Cells ......................................................... 14 
1.3 Fluorescence Emission ............................................................................. 15 
1.4 Anisotropy ............................................................................................... 15 
1.5 Förster Resonance Energy Transfer (FRET) ............................................. 17 
1.6 Distance measurement by multiple FRET ................................................ 20 
1.7 Homo-FRET ............................................................................................ 21 
1.7.1 Fluorescence depolarization and cluster size ..................................... 22 
1.7.2 Depolarization curve as a function of labelling.................................. 26 
1.8 Homo-FRET and fluorescently labelled proteins ...................................... 29 
1.9 Self –Quenching ...................................................................................... 31 
1.10 Enhancement of fluorescence emission .................................................... 32 
1.11 Size of Clusters in living cells .................................................................. 33 
1.12 Conclusion ............................................................................................... 34 
1.13 Aims ........................................................................................................ 35 
2 Design, Synthesis and Characterization of Model Systems 
of Multiple Fluorophores ............................................... 36 
2.1 Introduction ............................................................................................. 36 
7 
 
2.2 Bovine Serum Albumin ........................................................................... 37 
2.3 Dendrimers .............................................................................................. 39 
2.4 DNA Constructs ...................................................................................... 40 
2.4.1 DNA strands ..................................................................................... 41 
2.4.2 Four-way junctions ........................................................................... 41 
2.4.2.1 Geometry ................................................................................... 43 
2.4.2.2 Fluorescein labelled DNA .......................................................... 44 
2.5 Instrument Validation .............................................................................. 45 
2.5.1 G-factor ............................................................................................ 46 
2.5.2 Intensity ............................................................................................ 46 
2.6 Materials and Methods ............................................................................. 49 
2.6.1 BSA .................................................................................................. 49 
2.6.1.1 Labelling reaction ...................................................................... 49 
2.6.1.2 Removing the unreacted Dye ..................................................... 50 
2.6.2 Intensity and Anisotropy measurements ............................................ 50 
2.6.3 UV-Visible absorption spectroscopy ................................................. 51 
2.6.3.1 Dye to protein ratio .................................................................... 51 
2.6.4 DNA Strands .................................................................................... 53 
2.6.5 Four-way junctions ........................................................................... 54 
2.7 Results ..................................................................................................... 57 
2.7.1 BSA .................................................................................................. 57 
8 
 
2.7.2 Dendrimers ....................................................................................... 58 
2.7.3 DNA strands ..................................................................................... 59 
2.7.4 Four-way junctions ........................................................................... 60 
2.8 Conclusion ............................................................................................... 61 
3 Fluorescence Efficiency in Aggregates ............................ 62 
3.1 Introduction ............................................................................................. 62 
3.2 Theory ..................................................................................................... 63 
3.3 Results and discussions ............................................................................ 65 
3.3.1 Model System Verification ............................................................... 68 
3.4 Conclusion ............................................................................................... 74 
4 Distance Dependent Non-Additivity of Fluorescence 
Emission and Its Effect on Anisotropy Measurements. ... 75 
4.1 Introduction ............................................................................................. 75 
4.2 Theory ..................................................................................................... 76 
4.2.1 The emission intensity of individual species in stochastic mixtures ... 76 
4.2.2 Finding effective N in clusters labelled with fluorophores undergoing 
self quenching ................................................................................................. 76 
4.3 Results and Discussion ............................................................................ 78 
4.3.1 DNA Strands .................................................................................... 78 
4.3.1.1 Intensity..................................................................................... 78 
4.3.1.2 Anisotropy ................................................................................. 82 
4.3.2 Four-way junctions ........................................................................... 86 
9 
 
4.3.3 Distances .......................................................................................... 92 
4.3.4 Self-quenching .................................................................................. 93 
4.3.4.1 Intensity..................................................................................... 93 
4.3.4.2 Fitting anisotropy data ............................................................... 95 
4.4 Conclusion ............................................................................................. 100 
5 Conclusion ................................................................... 101 
References ....................................................................... 104 
 
  
10 
 
 
Publications 
1. Zolmajd-Haghighi, Z. and Q. S. Hanley. Enhancement, Equal Fluorescence 
Efficiency, and Quenching in the Interpretation of Fluorescence Anisotropy 
Data.  Biophysical Society 58th Annual Meeting, February 15-19, 2014, San 
Francisco CA. 
2. Zolmajd-Haghighi Z. and Q. S. Hanley. When One Plus One Does Not Equal 
Two: Fluorescence Anisotropy in Aggregates and Multiply Labelled Proteins, 
Biophysical Journal, 106(7):1457-1466 (2014). 
 
  
11 
 
 
 
 
 
 
 
 
1 Protein Aggregation and Fluorescence 
1.1 Introduction 
The aggregation of biomolecules in living cells via self-assembly is involved in 
many biological processes and disruption of those processes can lead to malfunction 
and disease [3-5].For example, Alpha-synuclein is a protein made of 140 amino 
acids and exists at the tips of nerve cells in the human brain. Recent studies have 
shown that long-term exposure to manganese promotes α-synuclein aggregation in 
neuronal cells and leads to degeneration in the frontal cortex gray and white matter. 
Such nervous system dysfunction associated with is due to protein misfolding in 
endoplasmic reticulum[6, 7]. 
 
Measurement of aggregations in vivo remains a challenge. Ideally, aggregation 
measurements should be done in vivo with methods sensitive to low concentrations 
due to clustering events leading to activation of signalling involving less than 104 
protein molecules. 
 
Many biophysical techniques can reveal the size and distribution of aggregates 
including NMR spectroscopy, gel electrophoresis, X-ray crystallography, optical 
spectroscopy and electron microscopy [8-10]. These methods cannot be used for in 
vivo studies because they need extensive sample preparations during which the cell 
structure is destroyed. Fluorescence methods do not suffer from this limitation 
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allowing the study of live cells in a minimally invasive manner.  Biomolecules can 
be labelled with fluorescent probes and fluorescent imaging techniques subsequently 
used to study their behaviour [11-14]. A further advantage of fluorescence methods 
is their high sensitivity. For example, fluorophores give reproducible signals at 
concentrations below 1 nM extending, to the single molecule level. These techniques 
are capable of identifying interactions of target molecules against a background of 
many other molecules in a living cell[14, 15]. Methods, such as total internal 
reflection fluorescence microscopy (TIRF) and fluorescence correlation 
spectroscopy (FCS), use one or two-photon excitation to identify single molecules 
within living cells[15]. 
 
Fluorescence techniques  such as fluorescence lifetime imaging microscopy 
(FLIM)[16] and FCS[17] are widely used to study nanometre sized clusters. 
Fluorescence can be characterized by its intensity, position, wavelength, lifetime, 
and polarization or anisotropy. Changes in molecule structure, interaction and 
environment may be assessed by monitoring changes in these parameters as well as, 
Förster resonance energy transfer(FRET) efficiency and collisional quenching rate 
[14]. 
 
FRET is the non-radiative transfer of excitation energy between dyes. FRET is 
distance-sensitive on the nanometre scale making it a compatible with protein 
studies. FRET can be used to determine the spatial separation between two residues 
in the same or different proteins. A wide variety of FRET methods are suitable for 
specific problems and upon choosing appropriate fluorophores successful FRET 
experiments can be designed [14, 18]. FRET imaging combined with state-of-the-art 
microscopy and spectroscopy has made significant advances in the life sciences as it 
allows researchers to study phenomena causing changes in molecular proximity[19]. 
fluorescence resonance energy transfer between identical fluorophores is called 
homo-FRET and is often used to study molecular self-assembly, the number of 
subunits in a cluster [5, 20], the distribution of cluster sizes, and the extent of 
polymerization [4, 21]. Homo-FRET is detected by a decrease in the anisotropy of 
the fluorescence and is proportional to the number of contributing fluorophores. This 
allows the application of homo-FRET to measure aggregate formation in cells. 
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Homo-FRET is a convenient method due to a simplified labelling strategy [22] and 
has been studied for nearly 50 years beginning with the pioneering work of the 
Weber group[1]. Theories and methods have evolved to quantify the number of 
subunits as a function of homo-FRET [1, 23, 24]. These advances in homo-FRET 
techniques allow researchers to more precisely detect and measure the size of 
oligomers in living cells which could have a great impact on the study of disorders 
such as the early stages of neurodegenerative diseases. If the theory can be expanded 
to study clusters of larger size, its applicability would be considerably widened [5, 
25, 26]. Current methodologies are based on a number of simplifying assumptions 
that either limits their application or causes discrepancies with experimental results. 
One such simplifying assumption supposes equal fluorescence efficiency for all sites 
[23, 24], meaning each fluorophore has the same brightness when free in solution as 
they do in close proximity to each other in a cluster. However proximity dependent 
quenching and enhancement are known. 
FRET involves the transfer of excited-state energy between fluorophores located 
within approximately 10 nm of each other and the method can be used to measure 
distances at such scales [27]. Formulae based on homo-FRET that are used to 
estimate the size of clusters and determine the number of subunits, are simplest on 
shorter scales (less than 80% of the Ro). For most fluorophores Ro for homo-FRET is 
usually less than 4nm [23, 24, 28].   However, most plasma membrane proteins 
organize in larger clusters [29-31].  Well defined model systems mimicking larger 
oligomers may be used to study the behaviour of homo-FRET systems with R > 
0.8Ro and applicability of the theories.  
In the present work models such as bovine serum albumin (BSA) were chosen to 
mimic large oligomers and simulate clusters with varying numbers of subunits of 
labelled proteins. Dye binding to BSA has been well studied but techniques that are 
commonly used to determine the levels of labelling are not precise [32-34]. 
The study of depolarization behaviour of labelled BSA as a function of labelling was 
undertaken previously but the number of the fluorophores bound to BSA was not 
quantified [35] nor was a thorough comparison of results to existing theory carried 
out. BSA has been fractionally labelled with FITC and the intensity and anisotropy 
measurements were done and the existing theories were used to fit and analyse the 
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data and the limitations of the existing theories were examined. Labelled DNA 
molecules were other model systems that were chosen to simulate labelled oligomers 
undergoing homo-FRET. Data gathered in each case were analysed by the existing 
theories and the limitations of the theories were examined. 
 
1.2 Protein Aggregation in Living Cells 
Clustering of proteins plays an important role in many biological processes such as 
signalling networks. For example, G-protein coupled receptors have an important 
role in signal transduction through the cell membrane and there is considerable 
evidence that they form oligomers activation[36, 37]. Aggregation of CUL3-
modified caspase-8, leads to full activation and processing of cullin3 (CUL3)-based 
E3 ligase and leads to cell death. The mechanism that positively controls apoptosis 
signalling by poly ubiquitination includes aggregation of a key initiator (caspase) 
[38]. The oligomerization of serotonin1A receptors has been monitored and  the 
presence of constitutive oligomers of the serotonin1A receptor is proposed [39];as a 
mechanism for that the activation of the epidermal growth factor receptor (EGFR) 
involves the formation of ligand-induced oligomers of the receptor[20, 40, 41]. 
Misfolding and accumulation of proteins are characteristic signs of some age-related, 
neurodegenerative conditions such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob 
and Huntington’s[42, 43].Aggregation of β-amyloid peptide and homodimerization 
of amyloid precursor protein are thought to have a key role in the development of 
Alzheimer’s disease [42, 44, 45]. In Parkinson's disease, the protein α-synuclein 
(AS) aggregates and forms deposits that containing the proteins in an amyloid 
fibrillar formin special regions of the brain [46]. Aggregation of poly(Q) protein 
causes disorders such as Huntington’s disease [47]. Age-related cataracts are caused 
by aggregation of crystalline proteins that exist in the centre of the lens of the 
eyes[48]. α-crystalline interacts with partially folded T4 lysozyme to prevent its 
aggregation and possible precipitation. The proposed mechanism states that there is 
equilibrium between dimeric and oligomeric states of α-crystalline that is coupled to 
the equilibrium between the folded and folded form of T4 lysozyme. It is also 
thought that the dimeric form of α-crystalline is the activated state that interacts with 
T4 lysozyme [49]. 
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Elucidating varied multimerisation and clustering processes is challenging 
particularly in vivo and the present work aims to assist to resolve the cluster sizes 
1.3 Fluorescence Emission 
Fluorescence is emitted when an electron is relaxes from the first excited electronic 
singlet state of the species to its ground electronic energy level (figure 1.3.1) with 
emission of a photon, while in non-fluorescent substances the energy that is absorbed 
by the electrons dissipate as heat. Information about the alignment, size and 
environment of the molecules can be obtained from investigating the extent of 
polarization of this emission [22, 50, 51]. 
 
 
S2 
 
S1 
 
 
So 
Figure 1.3.1: The diagram shows different electronic energy levels of a fluorophore. Electrons may 
be excited and jump to any of the vibrational energy levels within each of the higher electronic energy 
levels, but before they relax back to the ground state and fluoresce, they will fall to the lowest 
vibrational energy level of the excited state[52]. 
 
1.4 Anisotropy 
Light is linearly polarized when the orientation of its electric vector ( the component 
of  light that interacts with matter) does not change during propagation[53]. 
 
The emission anisotropy, 𝑟𝑟, is a measure of the polarizedresponse of a fluorescent 
substance to plane polarized excitation lightand gives information about the 
substance and its environment (equation 1.4-1) [22, 54]: 
Equation 1.4-1 
 
𝑟𝑟 = 𝐼𝐼∥ − 𝐺𝐺𝐼𝐼⊥
𝐼𝐼∥ + 2𝐺𝐺𝐼𝐼⊥  
Absorption 
Internal Conversion 
Fluorescence 
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For a sample excited with vertically polarized light (figure 1.4.1), 𝐼𝐼∥  and  𝐼𝐼⊥  
represent the fluorescence intensities of the vertically and horizontally polarized 
emission. 𝐼𝐼∥  is the emission when the polarisers are set to Vertical-Vertical (VV) 
orientation and 𝐼𝐼⊥is the emissions when the orientation is Vertical-Horizontal (VH). 
G  is the ratio of the responsiveness of the detection system to vertically and 
horizontally polarized light. Monochromators usually have lower transmission 
efficiencies for horizontally polarized light and they get even less efficient at higher 
wavelengths [22]. The G factor is a number greater than one and tends to increase 
with wavelength and corrects for the differential transmission[54, 55]. 
 
 
 
  
 
  
 
 
 
 
Figure 1.4.1: Geometry of fluorescence anisotropy measuring system. The polarizer in the emission 
path rotates from the vertical (V) to the horizontal (H) position and the intensity of vertically and 
horizontally polarized light is measured. 
 
Steady state anisotropy measurements can be used to study physical processes such 
as rotational diffusion, extent of denaturation, and orientation at surfaces[56]. 
Anisotropy is ideal for measuring the association of  biomolecules such as DNA or 
proteins with each other or other macromolecules, because the anisotropy always 
changes with changes in the rotational correlation time [57, 58] or proximity to an 
acceptor [20, 23]. 
  
 
Detector 
Polarizer 
Polarizer 
Fluorescent sample 
V 
 
 
H 
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The probability for excitation of a fluorescent molecule when exposed to linearly 
polarized light depends on the orientation between the transition moment of the 
molecule and the electric vector of the photon. Molecules whose absorption dipole 
moments are orientated parallel to the polarization plane are most efficiently excited. 
The extent of the polarization of the emitted light or the value of 𝑟𝑟0, be measured in 
the absence of rotational diffusion, depends on the  size of the angle between the 
emission and excitation transition dipole moments of the molecule, 𝜃𝜃 , and is a 
maximum (the theoretical value of 0.4 for single photon excitation), if they are 
parallel (equation 1.4-2)[54]. 
Equation 1.4-2 
 
𝑟𝑟0 = 3 cos2 𝜃𝜃 − 15  
 
However, if the excited state life time of the fluorophore is long enough to allow 
energy transfer or molecular rotation to take place, the emitted light will depolarize. 
 
If a sample contains several emitting species with anisotropy values of 𝑟𝑟𝑖𝑖 and 
fractional intensities of 𝑓𝑓𝑖𝑖 , the average anisotropy  of the mixture  is given by 
(equation 1.4-3)[53]: 
Equation 1.4-3 
 
𝑟𝑟 = � 𝑓𝑓𝑖𝑖
𝑖𝑖
𝑟𝑟𝑖𝑖 
 
The relationship is sometimes called the sum law of anisotropies. 
 
 
1.5 Förster Resonance Energy Transfer (FRET) 
FRET occurs when a fluorophore in its excited state (donor) transfers its energy via 
long range dipole-dipole interaction to a molecule in its ground state (acceptor).The 
distance for a specific donor-acceptor pair at which the energy transfer is 50% 
efficient is named the Förster distance (𝑅𝑅𝑜𝑜 ) and is 2-5nm for typical fluorophores. 
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Resonance energy transfer is only significant if a) the molecules are close to each 
other (within <1.5𝑅𝑅0 ), b) the quantum yield of the donor is high, c) there is a 
considerable overlap of the donor emission and the acceptor absorption spectrum and 
d) the absorption and emission transition moments are properly aligned.  The rate of 
FRET changes inversely with the sixth power of the distance between the interacting 
fluorophores, providing a useful tool for nanoscale distance measurement[22]. The 
energy transfer rate 𝑘𝑘𝑇𝑇(𝑅𝑅)is given by (equation1.5-1): 
Equation 1.5-1 
 
𝑘𝑘𝑇𝑇(𝑅𝑅) = 1𝜏𝜏𝐷𝐷 �𝑅𝑅𝑜𝑜𝑅𝑅 � 
 
where 𝜏𝜏𝐷𝐷  is the lifetime of the donor in the absence of FRET, lifetime is the time that 
the excited electrons of the donor spend in the excited state and is typically around 
10ns [22]. 𝑅𝑅 is the donor to acceptor distance and  𝑅𝑅𝑜𝑜  is the Förster distance. The 
Förster distance that can be estimated from theoretical and measured parameters 
(equation 1.5-2):  
Equation 1.5-2 
 
𝑅𝑅06 = 9000(ln 10)𝑄𝑄𝐷𝐷𝜅𝜅2128𝜋𝜋5𝑁𝑁𝑛𝑛4 𝐽𝐽(𝜆𝜆) 
 
 
In this expression, 𝑄𝑄𝐷𝐷 is the quantum yield of the donor in the absence of the 
acceptor, 𝑛𝑛 is the refractive index of the medium, 𝑁𝑁 is Avogadro’s number, 𝐽𝐽(𝜆𝜆) is 
the extent of spectral overlap between the donor emission and the acceptor 
absorption, and κ2 describes the relative orientation in space between the transition 
dipoles of the donor and acceptor[22]. 
 
Ro provides a window comparable to the scale of typical proteins, protein clusters, 
and the thickness of cell membranes. In practice, proteins are tagged with 
fluorophores and the distance between them (R) estimated from the experimentally 
measured FRET efficiency (equation 1.5-3) [4, 50]: 
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Equation 1.5-3 
 
𝐸𝐸 = 1 − 𝐹𝐹𝐷𝐷𝐷𝐷
𝐹𝐹𝐷𝐷
 
 
FD is the relative fluorescence intensity of donor in the absence of acceptor and FDA 
is the intensity of donor in the presence of acceptor. FRET efficiency can also be 
calculated based on anisotropy changes during energy transfer (equation 1.5-4)[59]: 
Equation 1.5-4 
 
𝐸𝐸 = 1 − 𝑟𝑟𝐹𝐹𝑅𝑅𝐸𝐸𝑇𝑇
𝑟𝑟𝑜𝑜
 
 
𝑟𝑟𝐹𝐹𝑅𝑅𝐸𝐸𝑇𝑇 and  𝑟𝑟𝑜𝑜  are the anisotropy of the dye in the presence and absence of the energy 
transfer. Dependence of the energy transfer efficiency on the sixth power of the 
distance (R) between the chromophores is particularly important in distance 
measurement (equation 1.5-5) [22]: 
Equation 1.5-5 
 
𝐸𝐸 = 11 + (𝑅𝑅 𝑅𝑅𝑜𝑜⁄ )6 
 
There are numerous methods to measure FRET. The most common methods are 
those that are based on monitoring changes in fluorescence lifetime and intensity. 
Some methods monitor changes in donor fluorescence while others examine changes 
in fluorescence of the acceptor. By means of spectral imaging changes in both donor 
and acceptor fluorescence can be measured simultaneously[60, 61]. 
FRET phenomena have turned into powerful tools for biomedical research due to 
their compatibility in scale with biological molecules the development of novel 
fluorophores and optical detection techniques[18, 62] has greatly expanded the scope 
of  problems amiable to FRET methods. The highest accuracy of imaging the 
spatiotemporal interaction of proteins in cells is achieved by FRET techniques such 
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as lifetime imaging[63]. One of the most common applications of FRET is assessing 
proximity of sites on macromolecules [22]. Changes in conformation of 
macromolecules and their cleavage can also be determined by FRET measurements 
[64]. FRET may be observed between nonidentical (hetero-FRET) and identical 
(homo-FRET) fluorophores. FRET can be used to identify the co-localization of 
fluorescent macromolecules on a nanometre scale. For example, FRET techniques 
were used to analyze the oligomeric state of the core component (BioY) of a 
bacterial biotin transporter. BioY was labelled by fluorescent proteins  and their 
hetero- and homo-FRET signals were analyzed allowing the functional state of the 
core unit of BioY oligomers to be identified [65]. In another study, FRET techniques 
were used to measure the size and stability of G-protein coupled receptors and to 
distinguish the monomeric receptor from its dimeric form[37].Both hetero- and 
homo-FRET can be used to study protein aggregation. However, for these types of 
measurements, hetero-FRET is much less sensitive than homo-FRET because if the 
aggregates are made up of identical subunits they cannot be detected by usual hetero-
FRET methods. To study protein or lipid clustering by hetero-FRET, molecules must 
be labelled with donor and acceptor fluorophores and the exact ratio of the pair as 
well as the fractional labelling of each must be known. However in homo-FRET 
studies one type of fluorophores is sufficient. The interpretation of hetero-FRET is 
more complicated  [66] than homo-FRET (especially when clusters are large)[67]. 
Further studies have shown that the rate of energy transfer between a single donor–
acceptor pair in a multimeric system is measured in the absence of other acceptors. 
The individual transfer rates are used to predict the FRET efficiency of the ensemble. 
A kinetic model in which the sum of all FRET transfer rates is divided by the sum of 
all radiative and non-radiative transfer rates has been used to do the prediction[68]. 
 
1.6 Distance measurement by multiple FRET 
The relationship between the efficiency of energy transfer and the distance between 
sites  when more than two fluorophores are present is not as well described as the 
case of a single pair of fluorophores  [69].  There are a number of studies showing 
how resonance energy transfer can be used to measure distances between multiple 
fluorophores in hetero-FRET systems with complex geometries[23, 68-70]. These 
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studies show that in multimeric complexes, de-excitation of donors through energy 
transfer depends on the number of donors and acceptors and there are several 
pathways for de-excitation. Acceptors can be excited by several donors and there is a 
non-zero probability for all donors to transfer energy to the same acceptor. In such 
complexes the transfer of the excitation energy happens sequentially from one 
molecule to another. The simultaneous transfer of energy from more than one donor 
to an acceptor or from one donor to more than one acceptor is quantum mechanically 
forbidden[70]. 
 
The rate of energy transfer between a single donor-acceptor pair in a multimeric 
system has been measured in the absence of other acceptors and the individual 
transfer rates used to predict the FRET efficiency of the ensemble by a kinetic model 
in which the sum of all FRET transfer rates is divided by the sum of all radiative and 
non-radiative transfer rates[68]. 
 
The measured energy transfer efficiency is the weighted average of different transfer 
efficiencies (equation 1.6-1) [71, 72]: 
Equation 1.6-1 
𝐸𝐸 = � 𝑓𝑓𝑖𝑖𝑛𝑛
𝑖𝑖=1 𝐸𝐸𝑖𝑖  
 
Ei and fi are respectively the energy transfer efficiency and the population fraction of 
the ith homo-FRET pair. In the present study the populations of all the FRET pairs 
were assumed to be the same. 
  
1.7 Homo-FRET 
Homo-FRET refers to the transfer of excitation energy between identical 
fluorophores. Fluorescent molecules that have significant overlap between their 
emission and excitation spectra (small Stokes’ shift) are prone to homo energy 
transfer. Homo-FRET happens between differently oriented fluorophores that are in 
close proximity and it always results in depolarization of the emission. Homo-FRET 
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is detected by measuring the changes in anisotropy as it is believed not to have any 
detectable impact on intensity or the lifetime of the fluorophores because whatever 
intensity or lifetime is lost from the donor, is exactly compensated for by the 
acceptor [22, 67, 73].The reduction in anisotropy is proportional to the contributions 
of these indirectly excited molecules to the emission, so homo-FRET induced 
depolarization increases  with the number of contributing fluorophores [23]. This is 
why homo-FRET is widely used to study molecular assembly[5]and quantification of 
cluster sizes[4]. For example self-assembly of Annexin A4, a cytosolic protein that  
has been implicated in  regulation of exocytosis and ion-transport at the plasma 
membrane in living cells. This system was studied viahomo-FRET using total 
internal reflection microscopy (TIRF). Number-and-brightness analysis revealed the 
predominant form of the protein is trimeric in the plasma membrane[74]. To better 
understand and control carcinoembryonic antigen-related cell adhesion molecule 1 
(CEACAM1) roles in cell metabolism, immune response, and tumorigenesis, it was 
labelled with EYFP and studied using steady-state TIRF homo-FRET imaging in 
living cells. The active form of the molecule proved to be a mixture of monomers 
and oligomers, with a slightly more monomeric population[75]. In some studies, 
however, homo-FRET is an undesirable “energy trap” or “sink for the excitation 
energy” as it reduces the fluorescent emission of the fluorophores [76-78]. 
 
1.7.1 Fluorescence depolarization and cluster size 
Quantitative biological fluorescence studies of multiply labelled proteins using 
polarization method were pioneered by Gregorio Weber in the 1960’s[53, 79].The 
relationship between fluorescence anisotropy and cluster size was further developed 
(by Knox[2] and Runnels [23]). Terms that describe the motion of excitation energy 
and its duration for a cluster of 𝑁𝑁 identical molecules undergoing homo-FRET are 
described by a differential equation (equation1.7.1-1)[2]:  
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Equation  1.7.1-1 
 
𝑑𝑑𝜋𝜋𝑚𝑚 (𝑡𝑡)
𝑑𝑑𝑡𝑡
=  − 𝜋𝜋𝑚𝑚 (𝑡𝑡)
𝜏𝜏
− � 𝐹𝐹𝑚𝑚 →𝑛𝑛 ∙ 𝜋𝜋𝑚𝑚 (𝑡𝑡)𝑁𝑁
𝑚𝑚 =1 + � 𝐹𝐹𝑛𝑛→𝑚𝑚 ∙ 𝜋𝜋𝑛𝑛 (𝑡𝑡)𝑁𝑁𝑛𝑛 =1  
 
where, 
 
Equation  1.7.1-2 
𝐹𝐹𝑚𝑚 →𝑛𝑛 = 1𝜏𝜏 ∙ � 𝑅𝑅𝑜𝑜𝑅𝑅𝑚𝑚𝑛𝑛 �6 
 
 
𝜋𝜋𝑚𝑚 (𝑡𝑡) is the probability that mth molecule is excited at time 𝑡𝑡 (equation 1.7.1-1).This 
probability will decay at a rate relative to 𝜋𝜋𝑚𝑚 (𝑡𝑡). The term(−𝜋𝜋𝑚𝑚 (𝑡𝑡) 𝜏𝜏⁄ ) explainsthe 
excitation decay in the absence of energy transfer (duration of excitation).The next 
terms describe the migration  energy as a sum over all Förster energy transfer rates, 
𝐹𝐹𝑚𝑚→𝑛𝑛 , (equation 1.7.1-2) from molecule 𝑚𝑚 to the rest of the molecules in the homo-
cluster and the sum of all Förster energy transfer rates back to molecule 𝑚𝑚.𝑅𝑅𝑜𝑜  is 
theFörster distance and 𝑅𝑅𝑚𝑚𝑛𝑛 is the inter-probe distance. The transfer of energy 
between identical molecules reduces the fluorescence anisotropy. For the case of 
non-rotating, randomly oriented molecules of parallel excitation and emission 
dipoles, excited with vertically polarized light, the effect of homo-FRET on 
anisotropy may be calculated[80]. For example, the emission anisotropy of the 
directly excited molecules and the molecules that are excited by energy transfer 
might be 0.4 and 0.016 respectively. For the more common case of molecules of 
non-parallel excitation and emission dipoles the emission anisotropy of indirectly 
excited molecules can be even less, so it is usually assumed that the fluorescence 
emission is completely depolarized after one energy transfer step.  
 
When considering homo-FRET it is possible for the excitation energy to transfer 
back to the initially excited molecule. Eventually, all the molecules in a cluster will 
reach equilibrium of electronic energy exchange. The emission anisotropy of such a 
system is composed of two constituents: the anisotropy of directly excited molecules 
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and the anisotropy of the molecules excited by homo-transfer. All interacting 
molecules have linear differential equations that describe the movement and decay of 
excitation energy inside the system [23, 81]. For a cluster of 𝑁𝑁 equally interacting 
molecules 𝐹𝐹𝑚𝑚𝑛𝑛 = 𝐹𝐹𝑛𝑛𝑚𝑚  and   for all 𝑚𝑚  and 𝑛𝑛   and 𝐹𝐹1𝑁𝑁 = (𝑁𝑁 − 1)𝐹𝐹   and 𝐹𝐹𝑁𝑁1 = 𝐹𝐹 
(equation 1.7.1-3): 
 
Equation  1.7.1-3 
𝑟𝑟𝑁𝑁 = 𝑟𝑟1 ∙ (1 + 𝐹𝐹 ∙ 𝜏𝜏)(1 + 𝑁𝑁 ∙ 𝐹𝐹 ∙ 𝜏𝜏) + 𝑟𝑟𝑅𝑅𝐸𝐸𝑇𝑇 ∙ (𝑁𝑁 − 1) ∙ (𝐹𝐹 ∙ 𝜏𝜏)(1 + 𝑁𝑁 ∙ 𝐹𝐹 ∙ 𝜏𝜏)   
 
By substituting the right side of the Förster energy transfer rate equation in equation 
1.7.1-2, it can be written (equation 1.7.1-4): 
 
Equation  1.7.1-4 
𝑟𝑟𝑁𝑁 = 𝑟𝑟1. 1 + (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )61 + 𝑁𝑁. (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )6 + 𝑟𝑟𝑅𝑅𝐸𝐸𝑇𝑇 . (𝑁𝑁 − 1). (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )61 + 𝑁𝑁. (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )6  
 
 
As mentioned before, a common assumption is that the second term of 
equation1.7.1-4is zero, as the emission of molecules excited by energy transfer is 
depolarized [23, 24, 80, 82]. There are some cases where this assumption is not valid 
and the contribution of the second term is considered [4, 67]. This is mainly the case 
with fluorescent proteins when the rotational correlation times are high in 
comparison with lifetime and the energy is not completely depolarized through 
rotational diffusion. 
 
A simulation (figure 1.7.1.1) following equation 1.7.1-4shows changes of anisotropy 
in a cluster of N=2-10 subunits over a range of distances from 0.2𝑅𝑅0to 3 𝑅𝑅0 . The 
simulation shows that when the distance between subunits is greater than3 𝑅𝑅0 there 
is no energy transfer and as they get closer the anisotropy decreases.  
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Figure  1.7.1.1:Theoretical curves for emission anisotropy of cluster sizes from two to ten obtained 
from equation 1.7-4, with𝒓𝒓𝟏𝟏 = 𝟎𝟎. 𝟒𝟒 and 𝒓𝒓𝑹𝑹𝑹𝑹𝑹𝑹 = 𝟎𝟎[23]. 
 
The results of anisotropy measurements for clusters larger than 6-mer, and at inert-
probes distances shorter than 0.8 𝑅𝑅𝑜𝑜  and longer than 2𝑅𝑅𝑜𝑜  areambiguous. 
Below 0.8𝑅𝑅0, where the anisotropiesare stable, homo-clusters of different sizes can 
be clearly discriminated, however the difference in distances cannot be determined. 
Subunits that are close (𝑅𝑅/𝑅𝑅𝑜𝑜  ≤  0.8) to each other within a cluster of any size lead 
to efficient redistribution of the excitation energy (homo-FRET efficiency≈ 95% ). 
Eventually, allmolecules will have equal shares of the excitation energy and the 
apparent emission anisotropy of the N-mer would be the average of all the 
anisotropies (equation 1.7.1-5). Considering all the other species rather than the 
directly excited one, as depolarized (𝑟𝑟 ≈ 0) (equation 1.7.1-5). 
 
Equation  1.7.1-5 
𝑟𝑟𝑁𝑁 = 𝑟𝑟1𝑁𝑁 
 
Equation 1.7.1-5 is specific to instances when R/Ro<0.8. The gradual decrease in 
total anisotropy gets less noticeable as the number of the participant fluorophores in 
the cluster increases. Although the technique may be used to detect large clusters 
[46], it has been mainly used to quantify clusters of sizes 𝑁𝑁 < 4 [5] (figure 1.7.1.1). 
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For ( 𝑅𝑅
𝑅𝑅0 ≥  0.8) where the FRET efficiency is low the total anisotropy is mainly 
determined by the directly excited molecule and is calculated by equation 1.7.1-4 
[67]. 
Based on the existing theory, detailed above, experiments may be designed to assess 
the extent of protein oligomerization in cells. For example homo-FRET was used to 
study plasma membrane and nanoscale organization (rather than random 
concentration clustering) of fluorescent protein tagged GPI-anchored proteins[83]. 
Homo-FRET studies on dimer and tetramers of human erythrocyte band 3have 
shown that the receptor does not form higher order oligomers in native 
membranes[84]. Dimerization and oligomerization of GFP have been studied and its 
cluster size determined based on FRET efficiency and relative depolarization values 
�
𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑟𝑟
𝑟𝑟𝑚𝑚𝑜𝑜𝑛𝑛𝑜𝑜𝑚𝑚𝑐𝑐𝑟𝑟
�[67]. Erb1 cell signalling was investigated and the existence of homo-
dimers reported[85]. Cluster size of α-synuclein are quantified in pathogenic 
aggregation of the protein (a model of Parkinson’s disease) [46] and the existence of 
oligomers of sertonin1A receptors upon the presence of the stimulant in cells was 
proven[86]. In all cases, the biomolecules have been labelled with a single kind of 
fluorophore and then the loss of anisotropy upon aggregation of the molecules or 
anisotropy enhancement after photobleaching of the fluorophores was measured with  
fluorescence anisotropy imaging microscopy [73, 87] or fluorescence spectroscopy 
[88, 89]. Novel methods have been developed to record and process micro images to 
obtain quantitative information about homo-FRET between (GFP)-labelled proteins 
in a living cell[90]. 
 
1.7.2 Depolarization curve as a function of labelling 
When the anisotropy of proteins labelled with fluorophores changes upon self-
association, it is due to changes in rotational correlation time, homo-transfer, or both. 
This ambiguity makes the analysis of anisotropy results difficult[91]. 
 
Nevertheless, altering the extent of labelling proteins with fluorophore lets processes 
leading to homo-FRET to be tracked separately from rotational diffusion. On this 
basis some experiments in which proteins (subunits of clusters) were fractionally 
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labelled[83, 84]or fractionally photobleached [67, 86, 92] were designed. As the 
extent of labelling increases, clusters exchange unlabelled molecules for labelled 
ones so the probability for transfer of energy increased while the motional 
characteristics of the clusters were constant. Labelling experiments often result in 
incomplete saturation of sites that leads to mixtures consisting of a distribution of 
fluorophores in the cluster and the overall anisotropy is a weighted average of the 
anisotropies of the clusters within the distribution as predicted by the sum law of 
anisotropies[53]. This type of experiment provides evidence of both proximity and 
the distribution of cluster sizes[4]. Weber and Daniel [1] were the first to introduce 
the idea of studying the polarization of the fluorescence emission as a function of the 
average number of ligand molecules attached to a protein. They studied 
depolarization of 1-aniline-8-naphthalene sulfonate (ANS) bound to bovine serum 
albumin (BSA) as a function of increasing labelling frequency. They assumed a 
random distribution of the dyes among  sites of equal binding affinity on the protein. 
It was also assumed that a single transfer of the excitation energy was responsible for 
the depolarization of the fluorescence emission. A final assumption was an 
assumption of equal fluorescence efficiency for all sites. The assumption states that 
fluorophores have the same brightness when free in solution as they do in close 
proximity to each other in a cluster. The assumption simplifies descriptions of 
anisotropy trends as the fractional labelling of the cluster changes. Their theory 
suggests that the fractional fluorescence of these N species could be given by the 
successive terms of the binomial distribution of order (N-1). The binomial theory 
implies that if there are N binding sites on a protein (P) and i  is the average number 
of labelled sites, then the fraction, if , of the protein that exists in the form of PXi(0 ≤ 
i ≤ N), in which i fluorescent molecules or ligands (X) are bound to P, is given by the 
successive terms of the binomial distribution(equation 1.7.2-1) in which �𝑁𝑁
𝑖𝑖
� shows 
the number of  i out of N choices : 
Equation  1.7.2-1 
iNi
i N
i
N
i
i
N
f
−





 −
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
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
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

= 1  
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Note that in this representation the overall fractional labelling,  f, is given by Ni / . 
If the fraction associated with PXi has a contribution of iφ to the total fluorescence 
intensity and its emission anisotropy is  ri,  the observed emission anisotropy  r of the 
ensemble, based on the sum law of anisotropies [1, 24, 50, 53] is (equation 1.7.2-2): 
 
Equation  1.7.2-2 
( ) ∑
=
=
N
i
iirNr
1
φ  
 
Then they applied an assumption of equal fluorescence efficiency of all sites which 
gives iφ by the expression (equation 1.7.2-3): 
 
Equation  1.7.2-3 
∑
=
= N
i
i
i
i
if
if
0
φ  
The equal fluorescence efficiency assumption states that a species containing i 
fluorophores is weighted by i (e.g. a tetramer contributes 4 times as much per 
molecule as a monomer). Therefore, when equation 1.7.2-1 is expanded and replaced 
in equation 1.7.2-3, it reduces from N to N-1 yielding (equation 1.7.2-4): 
 
Equation  1.7.2-4 
( ) ( )( ) ( )111 1
1
1 −−−− −





−
−
= iNii ffi
N
φ  
 
Consequently, when equation 1.7.2-4 is applied to equation 1.7.2-2, the average 
anisotropy of the N species PXi, is (equation 1.7.2-5): 
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Equation  1.7.2-5 
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The assumption of equal fluorescence efficiency of all sites allows the equations to 
be simplified to a reduced expression based on the binomial distribution of order (N-
1).  
 
1.8 Homo-FRET and fluorescently labelled proteins 
Weber and Daniel also suggested that if random occupancy of binding sites could be 
approached, their method could be applied to proteins made up of identical subunits 
and results on both orientation and distance among subunits would be obtained. This 
method was then used by Yeow and Clayton [24] to quantify protein clusters and 
determine size distribution in oligomers of limited sizes where the distance between 
the sub units is <0.8R/Ro. The enumeration was done by linking the steady-state 
anisotropy and fractional labelling of the subunits of the protein cluster. The same 
discrete probability distribution is written to describe the distribution of the fraction 
of labelled monomers f between clusters, Fi (equation 1.8-1): 
 
Equation 1.8-1 
𝐹𝐹𝑖𝑖(𝑖𝑖, 𝑓𝑓, 𝑁𝑁) = 𝑁𝑁! 𝑓𝑓𝑖𝑖 (1 − 𝑓𝑓)𝑁𝑁−𝑖𝑖𝑖𝑖! (𝑁𝑁 − 𝑖𝑖)!  
 
The observed emission anisotropy of the ensemble, r, is given by(equation 1.8-2): 
 
 
Equation 1.8-2 
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This allows equation 1.7.2-5 to be rewritten to include fractional labelling of a 
stochastically generated cluster (equation 1.8-3): 
 
Equation 1.8-3 
( ) ( ) ( ) ( ) NNNNN rffArffArffANfr 012221101 111, −++−+−= −−−   
 
Where (A1 , A2 ,… AN ) are the elements of the (N-1) row of Pascal’s triangle and f is 
the fraction of  labelled subunits. This expression may be simulated (figure 1.8.1) as 
a function of labelling: 
 
 
 
Figure 1.8.1: Simulation of the anisotropy as a function of labelling according to equations 1.8-3 
withr1 = 0.35, N-values in order from top to bottom: 𝑵𝑵= 2, 3 . . . . 10. The curvature reveals the 
oligomerization state of the cluster[24]. 
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1.9 Self –Quenching 
As noted previously, it is usually assumed that homo-FRET does not change 
intensity or lifetime and that a fluorophore’s intensity is not affected by the extent of 
labelling in clusters. In other words when studying clusters of biomolecules 
containing multiple subunits, the subunits are labelled with fluorescent probes and 
when the subunits combine to form clusters, the fluorescence intensity is expected to 
be the sum of the individual probes. However, this is not usually observed. Instead 
intensity does not increase in proportion to the number of bound fluorophores and 
sometimes the intensity decreases. This phenomenon is due to homo-FRET between 
the fluorophores, leading to self-quenching [2, 93-96]. As noted above, a dye 
showing efficient homo-FRET, will have a small Stokes shift. The problem with 
such dyes is that they usually show self-quenching. For example, fluorescein is 
widely used as an extrinsic label for antibodies because of its favourable properties 
such as broad absorption band, high molar extinction coefficient, high quantum yield 
and having a variety of reactive derivatives such as isothiocyanate, iodoacetamide 
and maleimide [97, 98]. However fluorescein tends to self-quench due to having a 
small Stoke shift, formation of non-fluorescent fluorescein dimers and energy 
transfer from active fluorescein to such dark dimers [22, 23, 80]. 
 
By increasing the extent of labelling in fluorescein-labelled molecules, it might be 
expected that the fluorescence emission intensity increases linearly with label but 
self-quenching causes the brightness of fluorescein-labelled molecules to eventually 
decrease. When a number of fluorescein molecules are bound to a host molecule 
leading to high local concentration they move within a suitable Förster distance from 
each other to allow efficient energy transfer and therefore the fluorescence intensity 
decreases. Alexa dyes with similar small Stokes shift show less self-quenching than 
fluorescein derivatives but these also quench at high ratios of fluorophore to protein 
(𝐹𝐹 𝑃𝑃� ) [22, 99]. 
 
An example of self-quenching is the emission intensity changes of a 2.4 nM solution 
of Bodipy-biotin upon titration with avidin solution. Avidin is a relatively large 
protein and has four binding sites for biotin that are approximately3nm apart. Before 
addition of avidin, bodipy molecules were far apart and self-quenching was not 
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observed. When avidin was added, the fluorescence intensity of Bodipy decreased. 
There was a little decrease in intensity when the avidin concentration is low because 
there was not enough avidin to bind with more than a small fraction of the Bodipy 
and the intensity of free Bodipy molecules was dominant. When concentration of 
avidin was high (0.8 nM) there were approximately3 Bodipy probes bound per 
avidin and homo-FRET was more probable. At this point the Bodipy was 70% 
quenched.[100]BODIPY dyes also have a very small Stokes shift[101].Similar 
quenching behaviour has been observed in a wide range of fluorescent dyes 
including: FITC [93, 99, 102-104], Cy3[34],  Cy5[34, 105], Cy7[34], Alexa 488, 
Alexa 532, Alexa 546, Alexa 594[99] and Alexa 647 [105]. 
 
Fluorescent proteins may also show self-quenching behaviour. As an example, 
template directed assembly of monomeric teal fluorescent protein (mTFP) exhibited 
quenching as a tetrameric assembly formed. This system consisted of mTFP fused to 
a short PNA sequence and assembled along a complementary DNA strand with 
regular repeats. By titrating mTFP-PNA with DNA containing 4 repeats of the 
complementary sequence, the behaviour of a tetrameric system over a range of 
fractional labelling values was studied and the result was that a 4:1  mTFP:DNA had 
a brightness of only 1.82 that of free mTFP in solution indicating some self-
quenching[106]. In the absence of quenching the brightness would be expected to be 
4. 
 
1.10 Enhancement of fluorescence emission 
Although quenching of fluorescence emission upon proximity of fluorophores is well 
known, there are also cases where fluorophores in close proximity show enhanced 
emission intensity. In addition to energy transfer when in the excited state, 
fluorophores can have other interactions with each other such as excimer formation. 
Excimer formation is a short-range interaction of an excited-state fluorophore with 
another ground-state molecule of the same type. The term "excimer" is an 
abbreviation for an excitedstate dimer[22]. Excimer formation is widely used in 
biotechnology for detection of an insertion mutation in DNA[107, 108] and in 
nanotechnology for following self-assembly processes[109].The best known 
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example of a fluorophore that forms anexcimer is pyrene. Pyrene exhibits different 
spectral behaviour at different concentrations. At low concentrations pyrene shows a 
structured emission near 400 nm. However if an excited pyrene molecule contacts 
another ground-state pyrene molecule it forms an excimer that displays an 
unstructured emission at 470 nm. One study[110] showed that at low concentrations 
pyrene is invisible at 470 nm but as the concentration increases from 
approximately0.1 M to 1 M the emission at 470 nm increases approximately 10 fold. 
This long-wavelength emission is known to be the result of excimer formation[22, 
110]. In another study it is reported that DNA doubly labelled with pyrene on 
adjacent bases gave over 6 times the brightness of DNA with only a single label 
[102]. 
The impact of self quenching and emission enhancement on fluorescence anisotropy 
of fractionally labelled clusters was not understood before the present study[28]. 
 
1.11 Size of Clusters in living cells 
Many plasma membrane proteins organize into larger clusters with submicron sizes. 
For example, syntaxins are a group of membrane integrated Q-SNARE proteins that 
participate in exocytosis and their clusters of are  50-60 nm[29, 111].HIV-1 envelope 
glycoprotein (Env) mediates the fusion of viral and cellular membrane. These 
clusters have diameters around 65 to 105 nm[30]. Clusters of epidermal growth 
factor in cell membrane were found to have sizes ranging from 32 to 56 nm[31]. By 
fluorescence anisotropy decay microscopy, the spatial monomer-dimer distribution 
and oligomeric state of the herpes simplex virus thymidine kinase, TK27 and TK366 
tagged with GFP, were determined in both cytoplasm and the nucleus. The upper 
intermolecular limit between the two fluorescent tags, was calculated from the 
energy transfer rate to be 7nm [112]. 
Investigations of homo-FRET induced depolarization at distances larger than 
0.8Roareneeded to resolve structures of clusters such as above mentioned systems.  
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1.12 Conclusion 
As explained in section 1.4, FRET involves the transfer of excited-state energy 
between fluorophores that are located within approximately 10 nm of each other and 
the method can be used to measure distances at this scale [27]. General formulae to 
explain homo-FRET phenomenon in clusters are available to assess the size of 
clusters and determine the number of subunits (equation 1.7-10) upon fractional 
labelling. However in practice they are most often restricted to scales less than 80% 
of the Ro. For typical fluorophores this is around 4nm [23, 24, 28]. 
Widely applied theory assumes equal fluorescence efficiency this is known to be 
incorrect when dealing with typical fluorophores. Fluorescein displays strong self-
quenching properties, while the fluorescence emission from DNA molecules doubly 
labelled with pyrene was strongly enhanced [102].  
The first model chosen was bovine serum albumin (BSA). BSA has many sites for 
attaching fluorophores such as fluorescein isothiocyanate (FITC) to simulate clusters 
with varying numbers of subunits of labelled proteins and to test theories related to 
anisotropies of stochastic mixtures [1, 24]. Experiments were also done with DNA 
systems as more robust structures in which the number of the reacting sites and the 
distances between them are more controllable. 
 
The next three chapters are as follows: 
Chapter 2 presents synthesis and characterization of a range of materials created to 
explore the effect of clustering and distance on anisotropy. Chapter 3 presents a 
detailed study of quenching and enhancement of intensity on clustering including 
modification and generalization of existing theory. Chapter 4 presents quenching and 
distance effects in DNA strands and DNA four-way junctions. Chapter 5 presents a 
summary and introduces the areas for further works on the theory 
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1.13 Aims 
The goal of the present work was to work toward methods to directly visualize 
clusters in vivo. Model systems were required to be developed to explore the limits 
of the existing theories. To investigate these issues, a) the impact of the assumption 
of equal fluorescence efficiency on anisotropy and cluster size was studied. In the 
present study it was shown how non-additivity of fluorescence emission in clusters 
affects interpretation of anisotropy data and calculation of the cluster size. b) homo-
FRET over longer distances than 0.8 R/Ro was studied, to cover a range of distances 
that are more realistic relative to the size of protein clusters. 
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2 Design, Synthesis and Characterization of Model 
Systems of Multiple Fluorophores 
2.1 Introduction 
Studying homo-FRET induced depolarization required a set of defined model 
systems which could be used to test the limits of the existing theories [1, 23, 24]. 
Once created, they could be used to observe while varying distances or fractional 
labelling. The idea initially was to determine the number of fluorophores on fully 
labelled proteins as defined by N in equation (1.8-3).  Bovine serum albumin (BSA) 
was the first model system selected for labelling because it has a well known 
structure, Weber [1] presented theory based on observations of fractional labelling of 
BSA with ANS, and it is low cost and readily available.   
In addition to fractional labelling, assessing resonance energy transfer between 
identical fluorophores at distances > 0.8R/Ro (figure 1.7.1.1) was a second aim. The 
main challenge of such studies was generating a geometric structural model system 
in which the distances between the fluorophores were fixed and known. BSA was 
not a good choice for this part of the study because it has too many reacting sites to 
simulate a protein cluster, the distances between the reacting sites in some cases are 
less than 0.8R/Ro, these distances are not well known in solution, and it does not 
have the diversity needed to study homo-FRET over a controlled range of distances.  
Systems to study this distance regime need the flexibility to be designed in different 
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sizes and have a known and controllable number of labelled sites. Models meeting 
these specifications are not readily available. Proteins, polypeptides, dendrimers and 
DNA molecules were considered as possible models as they all have adjustable size 
and architectures [113-115]. Among these choices, however, DNA molecules 
presented the most diverse structures. DNA tertiary structures are better known and 
the number of reacting sites is controllable in comparison to dendrimers and was 
available at reasonable cost relative to polypeptides. Fractional labelling is also much 
easier with DNA molecules because they self- assemble, a feature that the other two 
structures lacked.  Oligonucleotides with semi-complementary sequences can 
hybridize to make three and four way junctions [114]. 
 
2.2 Bovine Serum Albumin 
BSA is one of the most extensively studied proteins and because of its ease of 
isolation, abundance in serum and structural features, has been widely used as a 
model protein to understand the structure-function relationship in proteins [1, 116-
119]. Another aspect of this protein, due to a large number of exposed lysine groups, 
is its capacity to react with a variety of compounds [120, 121], one of which is FITC 
[35].  
 
1H NMR studies [122] and X-ray crystallographic data [123] have revealed BSA to 
be a heart-shaped structure with dimensions of 14 × 4nm. BSA has 60 lysine 
residues out of which approximately 51% are buried in the protein interior and the 
rest 49% are located on the surface [121, 124, 125] with an average distance between 
these reactive lysine residues around 2-2.4nm [126]. The distance between the lysine 
groups makes BSA a good choice as a model system because, upon labelling, the 
distance between the probes will be within the desired limit of 0.8 R/Ro. The 
presence of the dyes on the surface of the molecule makes them readily exposed to 
the solution so it can be assumed that the dyes are randomly oriented. 
 
BSA as a model system to study homo-FRET as a function of fractional labelling has 
already been used in different studies. Polarization of the ligand fluorescence and 
quenching of protein fluorescence have been studied using ANS/BSA conjugates. 
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BSA was fractionally labelled with ANS and the depolarization of ANS upon 
increasing the ANS/BSA ratio was investigated [1]. The anisotropy of FITC/BSA 
conjugates over a range of BSA concentrations have been measured and a rapid 
method to determine fluorophore to protein molar ratio has been presented [127]. To 
study the effect of labelling ratio on photophysics of FITC, it is bound to BSA and 
its absorption, anisotropy and lifetime changes over a range of FITC to BSA ratios 
are studied [35]. 
 
The exposed lysines in BSA and the primary amines populating the surface of a 
dendrimer provide a target for amine reactive dyes. Fluorescein isothiocyanate 
(figure 2.2.1) is a commonly used fluorescent compound to label biomolecules and 
its functional group (isothiocyanate, –N=C=S) target exposed amine groups of lysine 
[78].The photophysical characteristics of FITC  such as: a) pH dependency of 
emission[128];b) reasonable overlap between absorption and emission spectra [129] 
(small Stocke’s shift); and c) a critical energy transfer distance for homo-FRET in 
the range of 4.2 to 5.6 nm [35] have been well studied making it a suitable and 
commonly used probe for studying protein conformation [130-132]. These same 
features make it an attractive reagent for labelling other molecules containing 
primary amines. 
 
 
Figure 2.2.1:Isothiocyanate derivative of Fluorescein[78] 
 
The FITC conjugation reaction is relatively easy to control so it can be applied to 
reactions that require a precise degree of conjugation [133]. FITC also presents 
convenient excitation-emission characteristics,  exciting at approximately 495 nm 
and its maximum emission at approximately 520 nm [35]. 
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The reaction between FITC and an exposed primary amine takes place when a 
nucleophile such as the free amine group of the protein attacks the electrophilic 
carbon of the isothiocyanate group, the electrons then shift to the nitrogen of 
isothiocyanate and a thiourea bond between FITC and the protein is made [78, 134] 
(figure 2.2.2). 
 
 
Figure 2.2.2:FITC reacts with free amino groups of proteins to form stable conjugates and binds to 
the lysine residues and N-terminal amine of BSA[78]. 
 
Fluorescein isothiocyanate hydrolyses rapidly in aqueous solution to give amino 
fluorescein reducing the efficiency of the labelling [135, 136]. 
 
2.3 Dendrimers 
Dendrimers are hyperbranched, three-dimensional molecules with well defined size 
and architecture[113]. They are synthesized by stepwise repetitive reaction sequence 
that guarantees a complete control over several molecular design parameters, such as 
size, shape, surface chemistry, and flexibility[137]. At each subsequent growth step 
the diameter of the molecule becomes larger; the dendrimer finds a new layer and 
belongs to a new "generation" with twice the number of reactive surface sites of the 
preceding generation. This synthesis process results in their size and architecture 
being both regular and well-defined[138]. Dendrimers have a nearly perfect 
hyperbranched topology that starts from a central core and grows generation by 
generation and can be designed to have any desirable size[137]. Dendrimers have a 
high degree of molecular uniformity and can be designed to have highly 
functionalized terminal surface to react with any molecule of interest, e.g. 
40 
 
fluorophores. For example in Polyamidoamindendrimer, PAMAM, the end groups 
are primary amines that can react with amine reactive dyes such as FITC. 
 
2.4 DNA Constructs 
DNA molecules can be designed to have any desirable lengths and can also be 
labelled with fluorophores. To fulfil the need for simulations and they have been 
used to build a variety of nanoscale structures [139, 140].Over the past 30 years 
DNA sequence specificity and the resulting spatial addressability of DNA molecules 
have allowed the creation of a variety of biomimetic nanoscale structures[141]. DNA 
is one of the most programmable self-assembling materials to have been used in 
nanotechnology [142]. 
 
Synthetic DNA molecules of defined sequence and length have already been used to 
build model systems. For example, to extend the sensitivity of FRET measurements 
to the single molecule level, resonance energy transfer was measured between single 
tetramethyl rhodamine and a single Texas Red molecule attached to the 5' ends of 
hybridized, complementary DNA strands. This work resolved conformational 
changes, such as rotation and distance changes on a nanometre scale [143]. In the 
present study, DNA molecules labelled with fluorescein were designed to provide a 
model system to mimic a trimer cluster.  
 
Both DNA duplexes and DNA four-way junctions have already been labelled with 
fluorescent dyes and the resonance energy transfer between the dyes has been used 
to study the structures of the DNA constructs and to obtain information about the 
dyes structural and dynamical heterogeneity. In fact, Förster resonance energy 
transfer is the only tool that has been used to study the handedness, sequence 
dependent bending and helicity of DNA molecules in a qualitative manner [140, 
144-147]. 
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2.4.1 DNA strands 
Linear geometry and a regular helical structure make DNA an excellent construct for 
structural investigation by FRET techniques. The energy transfer efficiencies 
between a FRET pair bound to both 5' ends of a series (from 8 to 20 bp) of double 
stranded DNA molecules have been studied and found to be in agreement with 
helical structure [145]. The distances calculated from FRET efficiencies were in 
good agreement with the known helical geometry of double stranded DNA in 
solution. The thermal dissociation of DNA strands has also been followed by FRET 
and it allowing FRET to be used to study conformational transitions. Systems of 
template directed DNA assembly have been reported to study the DNA hybridization 
process[148], to determine the geometry of DNA molecules in solutions [149] to 
investigate the structure, stability, and dynamics of nucleosome [150], and to create 
DNA-based photonic wires able to transfer excitation energy over distances 
exceeding 15 nm [151]. 
 
2.4.2 Four-way junctions 
Branched DNA structures play critical roles as an intermediate in DNA replication, 
repair, and recombination and were first discovered by Robin Holliday [152]. 
Holliday junctions are DNA structures in which two duplex DNA molecules are 
joined to each other by a reciprocal single-stranded cross-over [153]. These 
molecules have been produced in vitro to study their physical and biological 
behaviour [153-157]. Stable Holliday (four-way) junctions, incapable of branch 
migration[158] have been built from synthesized DNA molecules by hybridizing 
four oligonucleotides with semi-complementary sequences [156]. Single molecule 
studies have shown that the structure of DNA four-way junctions have a dynamic 
and polymorphic character [159, 160]. Although the structure of four-way junctions 
is dynamic, when salt concentration is controlled, the general features of their 
structures have been confirmed by a variety of experimental methods[161]. In the 
absence of metal cations, the centre of the junction is open and the structure is more 
square planar with the axes of the junctions approximately perpendicular [162, 163], 
to give the four arms of the junction enough space to minimize electrostatic 
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repulsion between phosphate groups [163-166]. Upon addition of positive metal ions 
with a single or double positive charge (e.g. Mg2+, Na+, etc) the negative charges of 
the phosphate groups become shielded and the helical arms fold to form stacked, 
right-handed, anti-parallel X-Shaped structure [167-169]. DNA four-way junctions 
have different stacking conformers and their structures are determined by both the 
sequences of the strands and the salt concentration of their environment [154]. 
During transitions between these alternative stacking conformers in the folded form, 
the  extended form has been found to be a transient structure [158, 160] (figure 
2.4.2.1.1). The existence of the conformers has also been confirmed by X-ray 
crystallography, sedimentation velocity, and computational modelling techniques 
[170-172]. 
Methods based on labelling the DNA junctions with fluorescent molecules and 
studying intensity, polarization and lifetime of the dyes to find clues about the 
structures of the junctions have widely been used [16, 154, 155, 164, 173]. The 
three-dimensional arrangement of DNA junctions has been probed by covalently 
binding FRET pairs to known positions on the arms. For example, Förster resonance 
energy transfer measurements were carried out to study the helical configurations of 
the arms of a number of four-way DNA junctions. Two of the four strands were 
labelled with fluorescent dyes (one with fluorescein and one with rhodamine) and the 
compounds titrated with metal cations. The efficiency of energy transfer between the 
two dyes depended on the distance of the arms and the conformation of the 
compound. This has been confirmed by measuring the enhanced emission of the 
acceptor (rhodamine), decrease of the quantum yield of the donor (fluorescein), and 
changes in donor lifetime and the anisotropy of the acceptor. Low FRET efficiencies 
at low ion concentrations indicated an extended structure in which the helical arms, 
and consequently the FRET pair, had the maximum distance [155, 164]. The arms of 
four-way junction follow the same rules as DNA duplexes and they form helices if 
they have more than 10base pairs [174, 175]. Multi parameter fluorescence detection 
of single molecule fluorescence resonance energy transfer has also been used to 
study branched DNA [173]. 
 
The idea of generating sequences of oligonucleotides which would associate to form 
migrationally immobile junctions [176], rather than linear duplexes, was first 
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suggested by Seeman [141, 177]. Such structures have already been constructed as 
model systems to study three-color FRET  by labelling three of the arms with three 
different fluorophores, and devising techniques to detect the complex dynamics of 
biomolecules and observe binding events between multiple components [178]. 
 
2.4.2.1 Geometry 
In the absence of positive metal ions in solutions, the arms of four-way junctions are 
stretched and give the molecule tetrahedral or square planar structures (figure 
2.4.2.1.1, conformer 2) to minimize the repulsion of the phosphate groups of the 
nucleotides at the centre of the junction (branch point) [153, 155, 179]. The 
fluorescein molecules are usually assumed to be on the surface of a tetrahedron or on 
four corners of a square. Arms of DNA junctions that are longer than 10 base pairs 
were assumed to make helices [164, 174, 175]. To calculate the arm lengths of these 
molecules the cylindrical properties of a DNA helix must be considered [144, 145]. 
High-resolution nuclear magnetic resonance (NMR) and time-resolved fluorescence 
resonance energy transfer experiments have proven that immobilized four-way 
junctions must be viewed as an equilibrium mixture of two conformations (crossover 
isomers) the distribution ratio of which, depends on their sequences[180, 181]. 
During the transitions between these alternative stacking conformers in the folded 
form, the open or planar form is the transient structure and single-molecule 
measurements have shown that the open form is stably populated (hundreds of times 
a second) even when the concentration of the doubly charged metal ions is relatively 
high (figure 2.4.2.1.1)[160]. The interaction of cations might reduce the mutual 
repulsions of the negative charges in the region of the exchanging strands[164]. 
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Figure 2.4.2.1.1:The fluorophores are attached to the ends of four arms and the ion-dependent folding 
of the junction changes their distances. Conformers 1 and 3 bring fluorescein molecules to the same 
distance and show the same FRET efficiency that is different from efficiency of energy transfer in 
conformer 2. In the absence of the metal ions conformer 2 is the most stable form.  
 
2.4.2.2 Fluorescein labelled DNA 
The spectroscopic behaviour of fluorescein is not known to change when bound to 
DNA (figure 2.4.2.2.1) because of electrostatic repulsions between phosphate groups 
of DNA molecules and fluorescein which inhibit the interaction between fluorescein 
and DNA molecules [182]. The anisotropy of fluorescein is not influenced 
significantly by the size of the DNA or its rotational motion either [182, 183] 
because the fast local twisting of the DNA molecule around its helix axis causes 
rapid decay of anisotropy [184] and the anisotropy of fluorescein tagged to DNA is 
typically around 0.04 [185].   
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Figure 2.4.2.2.1:Normalized emission and excitation spectra of fluorescein labelled DNA measured 
by Carry-Eclipse: fluorescein is not influenced by DNA and its excitation and emission maxima occur 
at 494 nm and 512 nm respectively.  
 
When labelling DNA molecules with fluorophores, to ensure that the dyes are 
randomly oriented, they are bound to the oligonucleotides via a linker that is usually 
5 to 6 carbons long and in such cases anisotropy measurements have indicated the 
dyes were very mobile [145, 155, 164]. However in a similar study in which DNA 
strands are bound with donors and acceptors with the distances of 5, 15, 25 and 35 
base pairs, and the dyes are directly bound to DNA, anisotropy measurements have 
shown that none of the dyes can be observed as a free rotor. In a study done by 
Runnels and Scarlata however, fluorescein is directly attached to a polypeptide 
(melittin) is known as randomly oriented and the emission of indirectly excited 
fluorescein molecules is regarded as completely depolarized 𝑟𝑟𝑅𝑅𝐸𝐸𝑇𝑇 = 0.016 [23]. 
Fluorescein undergoes a fast rotational diffusion and its rapid movement within its 
excited state lifetime approves its random static orientation [155]. 
2.5 Instrument Validation 
All intensity and anisotropy measurements were done using Varian Cary Eclipse 
Fluorescence Spectrophotometer and Tecan microplatereaders (Infinite 200 PRO). 
G-factor was determined for both machines and blank reading was done too. With 
Cary Eclipse fluorometer that is based on L-format reading (figure 1.4.1) and uses a 
Xenon flash lamp, the blank reading was zero. 
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Calculations were done to correct the intensity readings in Tecan. Tecanmicroplate 
readers have UV Xenon flash lamp too and the wavelength accuracy was < ± 2 nm. 
all the measurements were done with the “reading from top” mode. 
2.5.1 G-factor 
G factor was calculated based on the known anisotropy of fluorescein (0.017) using 
equation 2.5.1-1.The G-factor was found to depend on the PMT setting (gain, an 
amplification factor for the photomultiplier tube) and was done at different PMT 
voltages: 
Equation 2.5.1-1 
𝐺𝐺 = �𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉
� �
1 + 2𝑟𝑟1 − 𝑟𝑟 � 
 
The procedure was repeated at each working PMT setting in order to obtain best 
results. For the gain of 30-50 (Tecan) a G-factor of 1.256 worked well while at 50-60 
a G factor of 1.241was the best. Once the G-factor was found the anisotropies of all 
samples were calculated manually using the raw parallel and perpendicular intensity 
(equation 1.4-1). 
The same measurements were done with Cary Eclipse fluorometer at different PMT 
voltages. 
2.5.2 Intensity 
To prevent artefacts, control experiments were carried out. The contribution of 
scattered light to the measured intensity and anisotropy is high in the Infinite 200 
PRO and all the measured intensity values had to be corrected by subtracting the 
emission intensity of a blank [186]. The issue was critical for dilute samples where 
the contribution of the scattered light is greater. In some instances the samples had to 
be prepared at the lowest possible concentration of labelled oligonucleotide. The 
sensitivity of the instrument, however, decreased with the concentration of the 
sample and the consequent drop in intensity. Therefore the lower limit of the 
concentration range was measured as a dilution series of fluorescein labelled 
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oligonucleotide with concentrations from 100 µM to 1 nM. These were measured at 
a gain of 50 to test the consistency of measurements. Although the anisotropy was 
supposed to be constant at different concentrations, as shown in figure (2.5.2.1) the 
measured values showed marked inconsistency at concentrations below 1µM and 
were completely unusable below 0.1 µM. 
 
Figure 2.5.2.1:The anisotropy measurement of the dilution series show that for the present sample the 
results are only reliable if the concentration of the sample is more than 1 µM. 
The intensity data revealed non-linear changes with decreasing concentration of 
fluorescein labelled oligonucleotide (table 2.5.2-1).  Below 0.1µM the instrument is 
not sensitive to changing concentrations (figure 2.5.2.1) and reading below 700 at 
PMT setting of 50 are mainly scattered light.  
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concentration (µM) intensity anisotropy concentration (µM) intensity anisotropy 
100 135950 0.0384 0.5 1211 0.0324 
90 123148 0.0387 0.4 1081 0.0254 
80 108503 0.0386 0.3 962 0.0363 
70 94518 0.0386 0.2 840 0.0417 
60 81430 0.0384 0.1 727 0.0302 
50 68912 0.0385 0.09 944 0.0131 
40 54895 0.0384 0.08 575 0.0487 
30 41786 0.0387 0.07 550 0.0599 
20 27858 0.0385 0.06 595 0.0242 
10 14925 0.0386 0.05 583 0.01 
9 12110 0.0388 0.04 580 0.0517 
8 11212 0.0387 0.03 666 0.2128 
7 9717 0.0385 0.02 644 0.2239 
6 8371 0.0385 0.01 749 0.0091 
5 7247 0.0383 0.009 562 0.1052 
4 5807 0.0386 0.008 592 0.1193 
3 4612 0.0386 0.007 586 0.0919 
2 3291 0.0385 0.006 586 0.0287 
1 2021 0.0389 0.005 579 0.0382 
0.9 1673 0.0327 0.004 606 0.0984 
0.8 1527 0.0405 0.003 594 0.0882 
0.7 1445 0.0429 0.002 625 0.2873 
0.6 1327 0.0394 0.001 646 0.2205 
 
Table 2.5.2-1: For all the measurements the excitation wavelength was 485nm, emission wavelength 
was 535and the integration time was 20µs. All the samples were in the same 96 well-plate.  
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Figure 2.5.2.2:Measured intensity with concentration, measured with Tecan 200 PRO. For the 
fluorescein labelled oligonucleotides, the instrument was only sensitive to concentrations above 0.1 
µM, below this level the fluorescence intensity didn’t alter with changing concentration. 
 
2.6 Materials and Methods 
2.6.1 BSA 
2.6.1.1 Labelling reaction 
BSA (0.48 g) (Sigma, MW=66000) was dissolved in 120 ml of 0.1 M carbonate-
bicarbonate buffer (Sigma), pH=9, at a concentration of 4 mg/ml and the solution 
was then divided into 20 vials (3000 μl each), to react with FITC (Thermo-Fisher, 
MW=389.38). 
 
The lab was darkened when making fluorophore solutions. FITC solution (1 mg/ml) 
was prepared by dissolving 0.05gof FITC in a few drops of DMF and then 
immediately brought up to 50ml using the bicarbonate buffer. The reaction vessels 
were protected from light by wrapping them in aluminium foil. FITC solutions were 
immediately added to 20 vials of BSA solution and they were gently stirred. The 
samples were left on stirrer to react for 8 hours at room temperature in the dark. 
 
0
2000
4000
6000
8000
10000
12000
14000
0.001 0.01 0.1 1 10
in
te
ns
ity
[DNA-flr],µM
50 
 
2.6.1.2 Removing the unreacted Dye 
When the reaction is complete it is very important to remove the unreacted dye 
because the free dye will have contributions to absorbance and depolarization of the 
emission and introduces considerable errors to measurements. Free unreacted dye 
was separated from the reaction mixture by dialysis against buffer. The dialysis 
membranes (Medicell International Ltd, cut-off 12-14000 Da) were soaked in 
distilled water for 4 hours prior to use and were rinsed every hour. They were then 
boiled for approximately an hour in 10 mM sodium bicarbonate solution and 
approximately 30 min in distilled water. The membranes were then extensively 
washed in distilled water and were immediately used [187]. 
Samples were processed in tissue culture flasks (Sarstedt, 175 cm2 ) containing 300-
600 ml of the 0.01 M bicarbonate buffer. There was a range of buffer changes 
depending on the concentrations of the samples from 3 changes ( 2 within the first 
five hours and 1 after leaving overnight) for very dilute samples to more than 30 
changes, done in a week followed by labelling reaction, for highly concentrated 
samples.  
 
To preserve the protein from bacteria, 1% solution of sodium azide(Sigma, MW=74) 
was added to all buffer solutions and the dialysis stages were done at 4°C in cold 
room while the containers of the dialysis bags (flasks) were on the stirrer. 
To avoid the error from the unreacted dye, the separation was regarded as complete 
only when the emission intensities of the supernatants measured by the fluorometer 
(Carry Eclipse) at the PMT voltage of 850V were below 40. 
2.6.2 Intensity and Anisotropy measurements 
Purified protein conjugates were characterized by measurements of, their 
fluorescence spectra and steady-state emission anisotropy. Samples concentrations 
were adjusted for the anisotropy measurements because the most precise anisotropy 
data are obtained if the solutions are optically dilute so that depolarization due to 
radiative reabsorption is avoided [22]. 
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The fluorescence spectra and steady-state emission anisotropies of all the samples 
were measured by a Cary Eclipse Fluorometer, equipped with removable polarisers. 
The excitation and emission bandwidths were both set to 5nm (default). Plastic 
cuvettes (usable at 340-900nm, Fisher Scientific) were used for all the 
measurements. To avoid any inconsistency in adjustment of the polarisers for 
different measurements, the polarisers were set to VV orientation and the emissions 
of all the samples were measured. The same was done for all VH measurements as 
well. All anisotropy measurements were done at the 𝜆𝜆𝑚𝑚  of the emission peak, at the 
maximum intensity, to have the most precise results[22]. 
 
 
2.6.3 UV-Visible absorption spectroscopy 
The absorption spectra of all samples were measured by Jasco V530 
spectrophotometer. All the measurements were done  in a range from UV to Visible 
(270-600nm)  using 1 cm quartz cuvettes (Hellma, Fisher) containing approximately 
3 mL of conjugated protein solution against  sodium bicarbonate (solvent) as 
reference. Some samples of high optical densities were diluted such that the optical 
density was below 0.05[22]. 
 
2.6.3.1 Dye to protein ratio 
The levels of fluorophore conjugation with protein are usually resolved by finding 
the ratios of the fluorophore concentration to protein concentration, F/P. The 
concentrations are determined by measuring the absorbance (Beer-Lambert law) 
[188] of protein and the dyes at or near their characteristic excitation maximum (279 
nm for BSA and 495 nm for FITC), using the following formula (Equation 2.6.3.1-
1): 
 
Equation 2.6.3.1-1 
𝐹𝐹
𝑃𝑃� = 𝐷𝐷495𝐷𝐷279 − 0.34 × 𝐷𝐷495 × 𝜀𝜀279𝜀𝜀495  
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𝐷𝐷495  and 𝐷𝐷279 are the maximum absorbance for FITC and BSA , and 𝜀𝜀279  and 
𝜀𝜀495are molar absorptivity of BSA and FITC respectively. The absorbance spectrum 
of the unreacted FITC shows that it has absorption at UV region as well and to find 
the protein concentration the contribution of the dye at this region (0.34 × 𝐷𝐷495  in 
the case of FITC)[189] must be deduced from the total absorbance. However this 
method is not very accurate because the characteristics of the spectra of a free dye 
are different from the conjugated ones [35, 76] (figure 2.6.3.1.1) and the fluorophore 
to protein ratios, especially for highly conjugated proteins, are usually lower than the 
actual value if the dye concentration is calculated solely based on the height of the 
absorbance peak [33]. 
 
 
Figure 2.6.3.1.1:Bound FITC shows red-shift of the absorption maxima but as the molar ratios 
increase the peaks shift back to left 
 
To fix this error the area under the curve (AUC) of the normalized absorbance 
spectra in the visible region of both conjugated and unconjugated  dye were 
estimated (by means of trapezoidal rule [190]) because the integrated intensity that 
can be obtained by integrating the area under the absorption peak is relative to the 
amount of the absorbing substance and their ratios,  were used as a correction factor, 
𝜉𝜉[33, 191] (equation 2.6.3.1-2): 
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Equation 2.6.3.1-2 
 
� 𝐼𝐼(𝜆𝜆)𝑑𝑑𝜆𝜆 ≈ 12𝑛𝑛𝜅𝜅 ��𝜆𝜆(𝜅𝜅+0.5) − 𝜆𝜆𝜅𝜅 �𝑛𝑛𝜅𝜅 �𝐼𝐼(𝜅𝜅+1) + 𝐼𝐼𝜅𝜅 � 
 
𝜆𝜆𝑛𝑛  to 𝜆𝜆𝜅𝜅  is the range of wavelength over which the area of the peak is calculated.  
 
2.6.4 DNA Strands 
All custom oligonucleotides were synthesized commercially (Life Technologies,UK) 
and provided in concentrated form. The oligonucleotides were dissolved in a buffer 
solution of 10 mMTrizma hydrochloride (MW=157.6), 1 mM EDTA (MW=292.24) 
and 50mM NaCl (MW=58.44). To prepare the buffer the component materials were 
first dissolved in water and had a pH of 2.7. The pH of the buffer was adjusted using 
NaOH to pH=8. Stock solutions (100 µM) of all oligonucleotides were prepared in 
this buffer.  
To fractionally label the template oligonucleotides, a concentration range of 
fluorescein labelled oligonucleotide solutions were prepared such that the upper limit 
of the range was sufficient to allow them to react with the complementary sequences 
on the template DNA. Finding the lower limit was more complicated, as it needed to 
allow the templates to be hybridized sub-stoichiometric fluorescence for robust 
measurement of the anisotropy. To determine such a low concentration of 
fluorescein labelled oligonucleotide, where the sensitivity of the instrument (Tecan 
Infinite 200 PRO), would allow precise and accurate measurements of intensity and 
anisotropy a dilution series of fluorescein labelled oligonucleotide solution with 
concentrations from 100 µM to 1nM were prepared and their fluorescence emission 
intensity and anisotropy were measured.  
Each template was titrated under DNA annealing conditions with the short 
complementary sequence over a molar ratio from 0.05:1 up to 3:1. 
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2.6.5 Four-way junctions 
To build migrationally immobile [176]four-way Holliday junctions, four semi-
complementary  strands (indexed a-d) of DNA of different sizes (12-28 mer 
oligonucleotides) were obtained commercially in concentrated form (Life 
Technologies; Paisley, UK). The samples (figure 2.6.5.1) were dissolved in a buffer 
solution of 10 mM Trizma hydrochloride (MW=157.6) and 50mM NaCl 
(MW=58.44) to a final concentration of 100 µM for all oligonucleotides. 
 
32-mers  
 
30-mers  
 
28-mers
 
26-mers 
 
24-mers  
22-mers   
20-mers  
a  flr T G C C C A G T G C G T A G A C G T G T T A T C A G T C G T C A 
b  flr T A C T A T C A G C G C T C A C G T C T A C G C A C T G G G C A 
c  flr T G A C G A C T G A T A A C A C G A G T G C A C T G T A C G T A 
d  flr T A C G T A C A G T G C A C T C G T G A G C G C T G A T A G T A 
 
a flr T C C C A G T G C G T A G A C G T G T T A T C A G T C G T A 
b flr T C T A T C A G C G C T C A C G T C T A C G C A C T G G G A 
c flr T A C G A C T G A T A A C A C G A G T G C A C T G T A C G A 
d flr T C G T A C A G T G C A C T C G T G A G C G C T G A T A G A 
 
a flr T C C A G T G C G T A G A C G T G T T A T C A G T C G A 
b flr T T A T C A G C G C T C A C G T C T A C G C A C T G G A 
c flr T C G A C T G A T A A C A C G A G T G C A C T G T A C A 
d flr T G T A C A G T G C A C T C G T G A G C G C T G A T A A 
 
a flr T C A G T G C G T A G A C G T G T T A T C A G T C A 
b flr T A T C A G C G C T C A C G T C T A C G C A C T G A 
c flr T G A C T G A T A A C A C G A G T G C A C T G T A A 
d flr T T A C A G T G C A C T C G T G A G C G C T G A T A 
 
a flr T A G T G C G T A G A C G T G T T A T C A G T A 
b flr T T C A G C G C T C A C G T C T A C G C A C T A 
c flr T A C T G A T A A C A C G A G T G C A C T G T A 
d flr T A C A G T G C A C T C G T G A G C G C T G A A 
 
a flr T G T G C G T A G A C G T G T T A T C A G A 
b flr T C A G C G C T C A C G T C T A C G C A C A 
c flr T C T G A T A A C A C G A G T G C A C T G A 
d flr T C A G T G C A C T C G T G A G C G C T G A 
 
a flr T T G C G T A G A C G T G T T A T C A A 
b flr T A G C G C T C A C G T C T A C G C A A 
c flr T T G A T A A C A C G A G T G C A C T A 
d flr T A G T G C A C T C G T G A G C G C T A 
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18-mers  
16-mers  
14-mers  
12-mers  
Figure 2.6.5.1:11 sets of 4 semi-complementary sequences labelled with fluorescein at 5' end were 
used to generate 11 different four-way junctions, figure 4.4.2.1. 
 
Samples were diluted to 25µM and equal volumes (25µL) of oligonucleotides a-d 
were mixed in an Eppendorf tube. Three replicates of each sample were made.  The 
mixtures were incubated at 95ºC for 5 minutes, then moved to an insulated box and 
left on a water bath, overnight to allow slow annealing down to ~ 5ºC below the 
melting temperature of the lowest melting arm and then moved to an ice bath. 
 
To plan the most efficient annealing protocol and as the majority of the junctions had 
short arms and low melting temperatures, the melting temperature of each individual 
arm was calculated (table 2.6.51). In some cases, where the calculated melting 
temperatures of the arms were very low, a different buffer with a higher salt 
concentration, 450mM NaCl, was used for making samples. 
 
a flr T G C G T A G A C G T G T T A T C A 
b flr T G C G C T C A C G T C T A C G C A 
c flr T G A T A A C A C G A G T G C A C A 
d flr T G T G C A C T C G T G A G C G C A 
 
a flr T C G T A G A C G T G T T A T A 
b flr T C G C T C A C G T C T A C G A 
c flr T A T A A C A C G A G T G C A A 
d flr T T G C A C T C G T G A G C G A 
 
a flr T G T A G A C G T G T T A A 
b flr T G C T C A C G T C T A C A 
c flr T T A A C A C G A G T G C A 
d flr T G C A C T C G T G A G C A 
 
a flr T C T C A C G T C T A A 
b flr T A A C A C G A G T G A 
c flr T C A C T C G T G A G A 
d flr T T A G A C G T G T T A 
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Table 2.6.5.1- Melting temperature of the arms of 11 four-way junctions, the Tms were calculated 
based on "salt adjusted" method. Naming the arms A to D was arbitrary and for all junctions in figure 
2.6.5.1 followed the same pattern as shown for FJ 16. 
 
 
The melting temperatures were estimated using OligoCalc[192], based on the DNA 
sequences, DNA concentrations and the salt concentration  Oligocalc provides the 
results of three common melting temperature calculations named "basic", "salt 
adjusted" and "nearest neighbour method". As the lengths of the arms of different 
junctions were between six to sixteen base pairs, the melting temperatures were 
calculated based on the "nearest neighbour method" that was used as the most 
accurate method for oligonucleotides of these lengths[192-194]. However the 
method failed to calculate the Tms of a number of arms of small junctions, to keep 
the consistency, all the melting temperatures were calculated by salt-adjusted 
method. The software was also used to confirm that none of the sequences would 
self dimerize or make hairpins.  
 
In the present study, four-way junctions, FJ, were named based on the number of the 
base pairs of their arms, from FJ6 to FJ16 (figure 4.4.2.1). 
 
Six 30µL replicates for each four-way junction were then made up in a 384-well 
glass bottomed plate (Nunc). The fluorescence intensity and anisotropy of each well 
was measured on an automated reader (Infinite 200 PRO, Tecan, UK Ltd, Reading, 
UK). In the next step, unreacted oligonucleotides were separated from four-way 
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junctions by electrophoresis in 10% (w/v)non denaturing polyacrylamide in 90 mM 
Tris borate solution. The formation of four-way Holliday junction structures was 
investigated by their slow mobility on gel electrophoresis. The assembled 
oligonucleotides moved as single fluorescent bands which were excised and the 
DNA junctions recovered by electroelution and ethanol precipitation. The pure four-
way junctions were dissolved in buffer (90 mMTrizma hydrochloride pH=8.3[155]) 
without salt and their emission intensity and anisotropy measured. Samples of all 
strands (a-d) at a concentration of 25µM were tested and the intensity and anisotropy 
measured to assess the changes that take place upon junction formation. 
 
All measurements were under taken at the same PMT setting (gain of 50) excitation 
band at 485 nm with the bandwidth of 20 nm. Fluorescence emission was monitored 
at 535 nm (band width of 25nm).  
To verify homo- FRET it is common to do fractional labelling or red-edge excitation 
anisotropy measurements[4, 195].To ensure that the reduction in anisotropy was due 
to homo-FRET, the experiment was repeated with a buffer with a higher 
concentration of salt and the consequent changes in anisotropy were also studied. 
The emission anisotropy of two of the constructs, FJ16 with the arm length of 16 bp 
(the biggest) and FJ6 with 6 bp (the smallest), were measured in both low and high 
salt conditions. 
 
The experimental results showed that anisotropy increased as the size of four-way 
junction got bigger. To ensure that the increase was solely due to the failure of 
homo-FRET in molecules of bigger sizes, and not because of having a lower 
rotational diffusion, all samples were left in -30ºC freezer and the anisotropy was 
measured again. 
 
2.7 Results 
2.7.1 BSA 
In the present study BSA was fractionally labelled with FITC and its UV absorption, 
fluorescence intensity and anisotropy were measured. 
58 
 
The anisotropy of FITC is 0.0495 [127] and when it is bound to BSA (MW=66 KD, 
Dimensions=14nm, 4nm, 4nm) [196], its  rotational correlation time increases and its 
anisotropy raises to approximately 0.32 [127]. By increasing the number of FITCs 
labelled to BSA however, the slight increase in the mass and the rotational 
correlation time, was not expected to make a detectable change in the anisotropy of 
the molecule. (Table 2.7.1) On the contrary, as BSA gets labelled with more of FITC 
molecules, its anisotropy decreases. This is due to the fact that homo transfer of the 
excitation energy (homo-FRET), happens between the fluorophores as the distance 
between them becomes less and gets closer to their Förster distance[64].  
 
 
 
 
BSA(MW)= 66000 
FITC(MW) = 389.38 
Perrin equation   r =  ro/ (1+𝜏𝜏/ө) 
ro= 0.37𝜏𝜏 (ns) = 3.8 
Number of FITC on BSA molecular weight rotational correlation time, ө (ns) anisotropy (r) 
1 66389.38 39.83 0.2911 
2 66778.76 40.06 0.2913 
3 67168.14 40.3 0.2914 
4 67557.52 40.53 0.2916 
5 67946.9 40.76 0.2917 
6 68336.28 41 0.2918 
7 68725.66 41.23 0.2919 
 
Table  2.7-1: Using Perrin equation the anisotropy (r) of the labelled BSA is calculated.  Mass ofBSA 
is approximately170 times bigger than the mass of FITC and the changes in the rotational correlation 
time of the molecule are negligible.   
 
2.7.2 Dendrimers 
Poly-amidoaminedendrimers (PAMAM G6-NH2) labelled with FITC. The diameter 
of PAMAM G6-NH2 is 6.7 nm which was in the range of interest (1.37R/Ro) and it 
has 256 amine groups on the surface.  
The trend of decrease in anisotropy clearly showed the increase of homo-FRET upon 
addition of FITC to dendrimer ratio, however saturation of all sites seemed 
impossible and the exact quantification of the extent of labelling was hard and 
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beyond the limits of the model. On the other hand such a huge ensemble of dyes did 
not make a useful model to mimic protein clusters in cell membrane. 
 
2.7.3 DNA strands 
The conventional DNA system in the present study consisted of two types of 
primers; i) single stranded template DNAs with a specific repeating sequence (6 
nucleotides long) along the chain, and ii) short complementary sequences to the 
repeating sections of the template. The short strand was fused to fluorescein at the 5´ 
end. The design was to allow titration the DNA template with the fluorescein 
labelled short complementary sequences. The DNA templates were engineered a 
range of lengths, such that the repeating sequence, and consequently the short 
complementary sequence, could be distributed over a range of distances separated by 
a gap of 0-12nucleotides (figure 2.6.3.1).The template containing three repeats of the 
complementary sequence were designed to assemble the short complementary 
sequences giving stochastic mixtures of differently labelled DNA molecules when 
the template was unsaturated.DNA molecules, at the lengths that suits the present 
study (<100 bp), can be assumed as rigid rods that do not bend in solutions [114, 
184]. 
 
Figure 2.6.3.1: Two examples of linear DNA constructs. Both templates (long, unlabelled 
oligonucleotides) had 3 sequences of CGCCCA that hybridized with GCGGGT-flr,(short, labelled 
oligonucleotides) to form two trimers of fluorescein with different sizes. The distance between two 
neighbouring fluorescein in compounds a and b are 2.72 and 4.08 nm respectively. 
 
 
a
C C C G T C G C C C A T A C G C C C A T A C G C C C A T C A G G
G C G G G T G C G G G T G C G G G T
flr flr flr
b
C C C G T C G C C C A T A T A T A C G C C C A T A T A T A C G C C C A T C A G G
G C G G G T G C G G G T G C G G G T
flr flr flr
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2.7.4 Four-way junctions 
In the present study, fluorescently labelled DNA four-way junctions were designed 
to study homo-FRET over varying distances. Four separate oligonucleotides were 
tagged with fluorescein at the 5´ end, and had matching sequences to form the four-
way junctions. The oligonucleotides have different lengths to generate a set of four-
way junctions of a range of inter-fluorophore distances (figure 2.7.4.1). 
 
Figure  2.7.4.1:Two four-way junctions with the arm length of 15base pairs (left) and 16 base pairs 
(right). The average distance between the fluorescein molecules, calculated based on square planar 
configuration [164], is 8.2nm for the smaller junction and 8.85nm for the bigger one, the length of 
each base is 0.34 nm[197]. 
 
In the present study however the conformational changes was not an issue, because 
a) the fluorescence anisotropy of the pure four-way junctions had been measured at 
no/low salt condition, where the majority of the conformational population would be 
in the extended unstacked form (conformer 2),  b) the four arms of each four-way 
junction were similar to each other because all the oligonucleotides were labelled 
with fluorescein at their 5' end and were designed to generate four-way junctions 
with four equal arm lengths, so even if conformers 1 and 3 existed and were not 
equally populated, the average distances between fluorescein molecules would be  
similar  it could be assumed that conformational changes would not alter the average 
flr
flr A T
T A C G
C G G C
G C G C
A T G C
C G T A
T A C G
G C A T
A T C G
T A G C
A T C G
A T A T
C G T A
A T C G
C G T A
G C flr flr G C
A C A T G T C A C G T G A A G A T G C G T G A C C T T A C T A T C A G C G C T C A C G T G T T A T C A G T C G T C A
T G T A C A G T G C A C T T C T A C G C A C T G G A A T G A T A G T C G C G A G T G C A C A A T A G T C A G C A G T
flr C G C G flr
G C T A
T A C G
G C A T
A T C G
G C G C
C G T A
G C G C
C G A T
T A C G
G C A T
A T T A
T A G C
A  T C G
A T A T
flr T A
flr
5.1nm 5.44nm 7.21nm 7.69nm 
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distances between the dyes. To figure out the exact inter-probe distances in this case 
conformer 2 and one of the other two conformers would be considered. Two 
structural models of square planar and tetrahedral were compared. 
 
2.8 Conclusion 
To investigate the accuracy of the assumption of equal fluorescence efficiency of the 
theory initiated by Weber [1], BSA was chosen as a model system as it was already 
used by him to devise the formula.  BSA is a suitable model system to study homo-
FRET in multiply labelled systems because upon labelling it fulfils the assumptions 
of the inter-probe distances (≤0.8R/Ro) and the randomness of the probes orientation. 
BSA was labelled with FITC, which was available at a reasonable cost and its 
conjugates with BSA were well studied in similar investigations.  
Among different systems revised for the study of homo-FRET on distances greater 
than 0.8 R/Ro (up to 2.2R/Ro), DNA constructs were chosen. DNA constructs are 
programmable materials, they self assemble and their lengths are adjustable. The 
constructs were composed of two sets of oligonucleotides with complementary 
sequences and upon hybridizing could give the desired distances to dyes. 
Oligonucleotides can be designed in to give duplexes or 2D structures such as four-
way Holliday junctions upon hybridization. 
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3 Fluorescence Efficiency in Aggregates1
3.1 Introduction 
 
Theories and formula based on the effects of homo-FRET on fluorescence 
anisotropy in clusters, explained in chapter 1 (sections 1.7-1.8 ), have been applied to 
study aggregation of proteins in cells and resolving cluster sizes for nearly 50 years. 
For example, the effect of KCl on association and dissociation of yeast enolase was 
investigated [198], the geometric arrangement of fluorophore binding sites on 
CaATPase was studied and its coordination number determined [199], rotational 
correlation time of the phosphorylation domain of CaATPase was determined [200], 
the average oligomeric state of phospholamban molecules enumerated [201], the size 
of lysozyme oligomers in an anionic lipid membrane was calculated [202] and it was 
shown that oligomeric complexes of membrane-bound Lz-A488, possibly have a 
stoichiometry of k = 6 ± 1 [203]. 
All of these studies have invoked the assumption of equal fluorescence efficiency 
either directly or implicitly. The assumption, however, needs to be treated more 
carefully as dyes in close proximity in clusters are prone to interact, producing either 
                                               
1The material in this chapter is based substantially on the publication:Zolmajd-
Haghighi, Z., Hanley, Q.S., When One Plus One Does Not Equal Two: Fluorescence 
Anisotropy in Aggregates and Multiply Labelled Proteins. Biophysical Journal, 2014. 
106: p. 1457–1466. 
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self-quenching or emission enhancement. Both of these phenomena may result in 
non additive behaviour of the dyes in the emission intensity observed from a cluster. 
The aim of the present work was to study the effect of self quenching and emission 
enhancement on fluorescence anisotropy and to investigate how the assumption of 
equal fluorescence efficiency may affect the interpretation of anisotropy data. A 
combination of theoretical treatment, numerical simulations, and measurements of a 
model system containing multiple fluorophores was used to study the relationship 
between cluster formation and anisotropy. BSA, as a model system, was fractionally 
labelled with FITC and its fluorescence intensity and anisotropy were measured at 
each stage of labelling. The theory was then applied to interpret the data and the 
accuracy of the assumption was examined. 
 
3.2 Theory 
As explained in section 1.7, in a stochastic mixture of fractionally labelled protein 
the contribution of the species  𝑃𝑃𝑋𝑋𝑖𝑖  to total emission intensity is 𝜙𝜙𝑖𝑖 , (equation 1.7.2-
3). The equal fluorescence efficiency assumption states that a species containing i 
fluorophores is weighted by i, however as noted in (sections 1.9-1.10) many studies 
report non-additivity of fluorescence emissions. This non-additivity can be treated 
using a specific factor of the emission of individual subunit. Such a factor, zi, 
replaces i in equation 1.7.2-8 to account for the relative intensity of the cluster PXi 
containing i fluorophores. Equation 1.7.2-3can be rewritten as equation 3.2-1:  
 
Equation 3.2-1 
∑
=
= N
i
ii
ii
i
fz
fz
0
φ  
 
If in any rare case the assumption of equal fluorescence intensity is correct for a 
system then zi=i, and zi= (1, 2, 3 …N), this means the general formula in equation 
3.2-1 has reduced to equation 1.7.2-3.  
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“In systems with fluorophores that quench or enhance emission, z(i)can be defined 
with the general model of z(i) = ip, which considers quenching or enhancement to be 
multiplier. If fluorophores do not interact, 𝑝𝑝 = 1  and the assumption of equal 
fluorescence efficiency applies. If the fluorophores interact and show self-quenching 
𝑝𝑝 < 1 and if the emission is enhanced due to the interaction  𝑝𝑝 > 1. These simple 
models show the impact of quenching and enhancement on the predicted anisotropy 
of stochastic mixtures. Depending on the type of behaviour that the dyes have with 
themselves,   z(i) may take on any value . If z(i) follows a known functional 
progression z(i), this can be conveniently substituted into the equation. A related 
parameter providing information about the behaviour of individual fluorophores in 
the cluster may be defined by dividing zi by i (e.g.: ζi= zi/i). 
In general, the anisotropy of an N-mer cluster with i labelled subunits when a 
fraction, f, of the monomers are labelled is given by equation 3.2-2: 
 
Equation 3.2-2 
 
( )
( )
( )∑
∑
=
−
=
−
−
−
= N
i
iNi
iNi
N
i
i
iNi
iNi
ffzA
rffzA
Nfr
1
,
1
,
1
1
,  
 
where,  Ai,N is the ith element of the Nth row of Pascal’s triangle indexed such that the 
first element, 1,  is given by A0,0,  and ri is the anisotropy of the cluster with i 
fluorophores. If measured values of ri are available, these should be used. Otherwise, 
as in the case for equation 1.7.1-4, the considerations of Runnels and Scarlata may 
be applied [204]. The index begins at 1 due to the fact that the unlabelled fraction 
does not contribute directly to the anisotropy. 
It is challenging to recover the values of zi in the absence of a known equation 
predicting its value. One approach is to measure fluorescence intensity while titrating 
a fluorescent ligand, X, with a clustering agent or protein, P, over a range of 
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fractional labelling. Total fluorophore concentration should be held constant while 
investigating over the range [P] = N[X] to [P] >>>N[X]. Let I be normalized 
intensities of solutions at each fractional labelling (f) value. A system of equations 
can be set up which may allow zi to be estimated. In general intensity is given by 
equation 3.2-3: 
 
Equation 3.2-3 
( ) ( )∑
=
−−=
N
i
iNi
iNii ffzANfI
1
, 1,  
 
This approach requires knowledge of f and N and assumes each labelling site is 
independent of the others. Other approaches might be to construct the individual 
species forming a mixture [205] or using synthetic biology approaches [206].  Once 
the zi are known, anisotropy can be computed.” 
 
3.3 Results and discussions 
To compare the conventional predictions (z(i) = i1 ) to cases where zi values follow 
progressions other than expected from the assumption of equal fluorescence 
efficiency, using simple power law models (Figure 3.3.1). Although these models are 
simplistic, they illustrate general trends for cases where interactions between 
clustered fluorophores result in brightness changes. Under these conditions, as the 
fractional labelling increased, the predictions diverged with the quenched models 
consistently yielding higher anisotropy either z(i) = i or z(i) = i2. For the tetramer, the 
maximum difference in predicted anisotropy, ∆ r, between the two conditions (p = 0 
and p = 1) was 0.048 with the models converging as f approached 0 and 1. This ∆r is 
greater than what is expected going from a cluster with  N = 3 to one with N = 4 in a 
saturated cluster (∆r = 0.033). The under-prediction of anisotropy when applying the 
assumption of equal efficiency to a system exhibiting strong self-quenching will 
result in under-predicting cluster size. Similarly, in cases where the clustering of 
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fluorophores results in enhanced brightness, the conventional assumptions will over-
predict anisotropy and overestimate cluster 
 
 
 
Figure 3.3.1: Predicted anisotropy for different fluorophore interaction terms (zi) in stochastic 
mixtures in which each molecule within the mixture follows the rules of Runnels and Scarlata and R< 
0.8 R0. In both the graph with N = 3 (dashed lines) and N = 4 (solid lines) (panel a) and the one with N 
= 23 (dashed lines) and N = 24 (solid lines) (panel b), all models of fluorophore interaction converge 
in the limits of high (100%) and low (0%) fractional labelling. In both sets of data, the variations in 
anisotropy due to model assumptions exceed the difference expected due to changing the cluster size 
by one.  
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Figure 3.3.2: The lowest anisotropy for each cluster size is given by 0.4/N in these simulations. The 
interaction models shown are for power laws (z(i) = ip) with values of  p indicated next to the 
corresponding curves. The curves labelled with 1 correspond to the equal fluorescence efficiency 
model. Panels (a) and (b) illustrate the differences due to cluster size changing by one. The quenched 
systems show greater resolving power based on anisotropy difference than do either the enhanced 
model or the equal fluorescence efficiency model. Note: the y-axes scale with r0 (e.g. using r0 = 0.32 
leads to a 20% reduction relative to r0 = 0.4). 
 
To better understand the impact of fluorophore interaction on the anisotropy of 
mixtures of clusters, ∆r was computed for p = 1 (equal fluorescence efficiency) vs. p 
= 0 (quenched) for cluster sizes over the range N = 2 to N = 26.  The models differed 
systematically with the magnitude of ∆r and the fractional labelling corresponding to 
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the maximum difference changing with cluster size (Figure 3.3.3). As the cluster size 
increased, the fractional labelling at maximum ∆ r approached 0 and the magnitude 
of ∆ r increased. For example in a dimer, taking zi = 1 yields an anisotropy that is 
0.034 higher at a fractional labelling of 0.59. For a decamer, ∆ r is expected to be 
0.055 higher at a fractional labelling of 0.146. Extrapolation of a reciprocal plot (not 
shown) indicates the maximum ∆r to be 0.06 at the limit of infinite cluster size.  
 
 
Figure 3.3.3: Difference between p= 1  and p = 0 as a function of cluster size and fractional labelling. 
The predictions include clusters made up of 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 13, 17, and 26 units. The 
maximum difference increases with the cluster size, but has impact over a wider range of fractional 
labelling in the smaller clusters. 
 
For all cases, the anisotropy predicted for the simple quenched model was lower than 
predicted using the assumption of equal fluorescence efficiency. Consequentially, 
applying this assumption will systematically under-estimate cluster sizes when 
fluorophores exhibit reduced brightness in clusters.  
3.3.1 Model System Verification 
“[28]To study the impact of fluorophore interaction on larger clusters, exhaustive 
labelling of BSA was studied. BSA has 60 lysine residues with approximately half 
buried in the interior and additional residues in hydrophobic pockets leaving a subset 
to react [207, 208]. Dye binding to BSA has been studied previously [209-211]. 
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Estimates of the F/P ratio for BSA under potentially saturating levels of FITC and 
other similarly reactive dyes vary widely in the literature and reflect the conditions 
used in individual laboratories [212-214]. The maximal F/P ratio under our 
conditions was determined by varying the ratio of FITC to protein in the reaction 
mixture while keeping the amount of protein and the reaction time constant (Figure 
3.3.1.1). The saturation of FITC reactive sites on the surface of BSA was treated 
using a Langmuir type binding model (equation 3.3.1-1): 
 
Equation 3.3.1-1 
𝐹𝐹 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 [𝐶𝐶]
𝐾𝐾𝐷𝐷 + [𝐶𝐶] 
F is the fitted values for F/P, Fmaxis F/Pmax , KD is Langmuir constant and [C] is the 
initial concentration of FITC.F/Pmax (Fmax) was found to be 23.94 ≈ 24 FITC/BSA 
and the good correspondence to the Langmuir model suggests all FITC reactive sites 
on BSA reacted independently. The F/Pmax  for the FITC:BSA system fell within the 
range of 15-25 reported for similar experiments with FITC [212, 213] and similar 
amine reactive dyes [214].  F/Pmax = 24 was used subsequently to scale the fractional 
labelling of BSA.  
 
 
Figure  3.3.1.1: Spectroscopically determined F/P ratio with increasing mole ratio of FITC during 
reaction. Data () were measured up to a mole ratio of 70. A Langmuir type fit (solid line) indicated a 
maximum F/P ratio of 24. 
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Examination of the normalized intensity of a series of labelled BSA samples 
revealed a clear maximum followed by reduced intensity as f increased (figure 
3.3.1.2). The equal fluorescence efficiency (z(i) = i1 ) and simplified self-quenching 
(z(i) = i0 ) models were computed and compared to the data. At the highest F/P 
ratios, FITC was highly quenched in agreement with previous reports (c.f. [212]). It 
is notable that the progression of intensity does not follow any of the simple power 
law models (Figure 3.3.1.2) and clearly does not conform to the assumption of equal 
fluorescence efficiency. There is an initial rise in intensity per BSA for f between 0 
and 0.1. In this system when f reaches 0.1, molecules with 3 or fewer FITCs account 
for 77% of the total and dominate the fluorescence. The fluorescence per BSA 
dropped over the range f = 0.1 to 0.5. For f > 0.5 (samples dominated by BSA 
molecules with more than 10 FITCs attached) the normalized intensity was 
essentially constant. Similarly, the high levels of quenching as f approaches 1 are 
consistent with previous data [212].    
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Figure  3.3.1.2: Normalized fluorescence intensity of BSA solutions as fractional labelling increased. 
The fluorescence was measured on a set of solutions having Abs494 = 0.047±0.04 and corrected for the 
amount of BSA present. The dashed line is based on the assumption of equal fluorescence intensity 
(z(i) = i1). The dotted line is for a simple quenching model (z(i) = i0). The solid line is a guide the eye. 
 
The general trend in this data was ascribed to two processes: trap sites within the 
FITC population and energy transfer. The self-quenching of FITC is complex. It is 
known that proteins with many FITCs attached are heavily quenched but these 
recover in close proximity to a metal surface [215, 216]. However, to our 
knowledge, previous studies showing this type of behaviour in FITC labelled 
proteins (and proteins labelled with many other dyes) have been reported for 
stochastic mixtures rather than proteins labelled with a specific number of 
fluorophores (c.f.: [211, 212, 215-218]). As a result the behaviour of the molecules 
with specific numbers of fluorophores is not known.  
Similarly, energy transfer in this system is complex. In the FITC-BSA system, Ro 
will shift to lower values as the number of FITCs attached increases due to the 
known spectral shifts observed in solution. Due to the random labelling there will 
always be a wide range of distances. BSA is well modelled in solution as a triangular 
prismatic shape 8.4×8.4×8.4×3.2 nm [219]. Simplifying this to a globular protein 8 
nm in diameter [220] and assuming that the 24 dyes evenly distribute over the 
surface, doubly labelled BSA will contain molecules in which the inter-FITC 
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distance is between 2.9 and 7.9 nm which brackets Ro for homo-FRET. Further, over 
the full range of possible labelled states there are 224 species and simulating all of 
them is a challenging problem. In general, as the number of labels increases, a 
concomitant increase in the density of energy transfer partners in close proximity 
occurs. Since some of those energy transfer partners will be trap sites, the brightness 
of the FITC labelled BSA will decrease. Based on these prior reports and invoking 
trap sites and energy transfer the general features in Figure 3.3.1.2 can be 
rationalized, but a full quantitative description is beyond the scope of the current 
study.  
In the context of interpreting clustering using anisotropy the extent to which the data 
do not follow the assumption of equal fluorescence efficiency is striking. Based on 
inspection of Figure 3.3.1.3, zi appears to follow a model in which zi ≈ 1 due to self-
quenching processes over a limited range (f< 0.1). For f > 0.1 the applicability of all 
of the simple models was limited.  
Several approaches to estimating the values of zi were attempted. Unconstrained 
fitting of our results to equations 3.2-2 and 3.2-3 is difficult due to the limited data, 
the smoothness of the functions involved, and the large number of similarly valued 
parameters. Computed distributions for f> 0.5 indicated that species with i ≥ 10 
dominated these solutions. Since these solutions showed no change in normalized 
intensity, the zi were assumed to be constant when i ≥ 10. Unconstrained fitting of 
the remaining parameters was still unsatisfactory. Neighbouring zis differed greatly. 
A semi-empirical approach was adopted in which the zi parameters were generated 
by a 4th degree polynomial over the range i = 1 to 10, and constant afterward. These 
conditions require the parameters to be “smooth” and reasonably continuous. The 
resulting fit can only be said to be better than existing assumptions. Although useful 
for guiding the eye, any parameters obtained are approximate. Further work is 
needed to develop robust estimates of these values for large aggregates and clusters. 
The same models were applied to the prediction of measured fluorescence anisotropy 
(Figure 3.3.1.3). Studies of the depolarization behaviour of FITC:BSA as a function 
of labelling have been reported [213, 220, 221] but explicit comparisons to 
theoretical predictions have not, to our knowledge, appeared previously.  Although 
our data cover a wider range of F/P than in previous studies, the measured anisotropy 
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of the FITC:BSA preparations were consistent with previously reported trends 
showing lower measured anisotropy as F/P increased [213, 220, 221]. The observed 
depolarization is due to FITC-FITC homo-FRET for which the R0 is 4.4 nm [222].  
The anisotropy predicted assuming ri = r1/i in the equal fluorescence efficiency, 
simple quenching, and semi-empirical models was compared to the measured data. 
At low values of  f the observed anisotropy is somewhat lower than expected due to 
the limitations of the assumption (ri = r1/i). At more experimentally realistic 
fractional labelling (f> 0.05) this assumption appears to hold well. It is clear the 
results do not correspond to an equal fluorescence intensity model and, based on 
Figure 3.3.1.3, there would normally be no reason to invoke it. The simple self-
quenching model gave a good prediction of the observed results and, in this instance, 
the greatly increased complexity of the semi-empirical model yielded anisotropy 
predictions indistinguishable from the simple self-quenching model. The equal 
fluorescence intensity model under-predicted the anisotropy and if used 
interpretively would under-estimate the number of clustered fluorophores” [28].  
 
 
Figure  3.3.1.3: Fluorescence anisotropy of BSA solutions as fractional labelling increased.  The 
dashed line is the predicted behaviour of a system following the assumption of equal fluorescence 
intensity (z(i) = i1). The dotted line represents the simple quenching model (z(i) = i0). The solid line is 
a semi-empirical fit primarily to guide the eye. 
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3.4 Conclusion 
Existing widely applied assumptions lead to underestimation of both the predicted 
anisotropy and the cluster size when interpreting data from fluorophore systems 
exhibiting self-quenching. The theory presented here has emphasized systems 
restricted to randomly oriented fluorophores where the inter-fluorophore distance is 
< 0.8 R/R0. Under these conditions, anisotropy may be readily predicted using 
models exhibiting enhancement, equal fluorescence, or quenching. The theory, 
however, can be applied to other cases by invoking the more detailed expressions for  
ri provided by Runnels and Scarlata [204].  For the system studied, once the broad 
behaviour is known, anisotropy can be readily predicted. Variations in anisotropy 
with f are more easily predicted than is intensity. As noted by earlier workers, the 
interpretation of anisotropy is greatly enhanced by the availability of complementary 
data [223]. More detailed knowledge of the photophysical behaviour of fluorophores 
in clusters will greatly enhance interpretation of cluster size using anisotropy. In 
particular, the theoretical considerations provided here indicate that discrimination of 
cluster size is improved by unsaturated subunits (e.g. f≠  1) and by fluorophores that 
quench. It is also likely that more detailed understanding of different types of 
clustering is needed: some remain constant in size so that the density of transfer 
partners increases like the case of BSA-FITC that has been discussed; others grow 
by adding subunits such that the distance to the next fluorophore remains nearly 
constant like DNA-fluorescein template directed assembly discussed in chapter 4.  
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4 Distance Dependent Non-Additivity of 
Fluorescence Emission and Its Effect on 
Anisotropy Measurements. 
4.1 Introduction 
DNA duplexes and four-way Holliday junction are examples of model systems in 
which the distances between the fluorophores are fixed and known. The system also 
has the flexibility needed to be designed in different sizes. It also has a known and 
controllable number of sites that can be labelled with fluorophores.  
 
As explained in section 2.4.2, DNA four-way junctions are made of four single 
strands of DNA with semi complementary sequences that are bound to each other by 
a reciprocal single-stranded cross-over and have an antiparallel structure with four 
duplex arms. In the present study all single stranded four-way junctions were 
labelled with fluorescein at their 5' end to suit the required experimental objectives. 
Existing approaches to modelling the anisotropy of four-way junctions would 
include the assumption of equal fluorescence efficiency of fluorophores when 
describing dye binding to subunits of a cluster. According to the assumption, the 
intensity of a solution of fluorescein labelled DNA molecules would not be expected 
to change upon induced assembly into four way junctions or bound to template DNA 
molecules. The Holliday four-way junction system presents a further system to 
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investigate the behaviour of clustered systems providing good control over distance. 
The range of distances provided in this model is of particular interest in the context 
of homo-FRET (figure 1.7.1) as it gives access to the R from 0.8 to 2 𝑅𝑅 𝑅𝑅𝑜𝑜� unit. 
4.2 Theory 
4.2.1 The emission intensity of individual species in stochastic mixtures 
The extent of energy migration that is measured by fluorescence anisotropy as a 
function of fluorophore labelling in clusters larger than dimer can give valuable 
information on oligomerization state if it is based on realistic assumptions.  
 
Theories previously discussed in section 1.7.1 and 1.7.2 predicted a steady increase 
of intensity upon fractional labelling, however if fluorophores in close proximity 
undergo interactions such as self-quenching, it will not be easy to predict the 
intensity of their stochastic mixtures.  
 
The emission intensities of individual labelled species with 1,2,3,…, N fluorophores, 
(Imono, z2.Imono,z3.Imono,…) in a stochastic mixture can be found as parameters when 
fitting data using equation 3.2-1.Once intensities of each labelled species in the 
mixture is known, its anisotropy will be found using equation 3.2-2.  
 
This means that in presence of intensity data, equation 3.2-2 can be used for any 
stochastic mixtures and will not be restricted to cases where R/Ro≤0.8. 
 
A set of DNA samples were fractionally labelled with fluorescein-DNA and the 
applicability of the formula over a range of distances were tested. 
 
4.2.2 Finding effective N in clusters labelled with fluorophores 
undergoing self quenching 
The extent of interactions such as self-quenching and emission enhancement depends 
on the distance between the dyes, so by assuming that, for example, a triply labelled 
DNA has an emission that is 3 times as intense as the emission of a singly labelled 
DNA, the effect of the distance on the interactions of the dyes, is ignored. 
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The general theoretical model presented by Knox[2], states that in a system with N 
fluorophores, the probability of finding a molecule i (directly excited by polarized 
light) in excited state at time t, depends on the energy exchange between all N 
molecules. However, the fluorescence emission intensity of those N molecules 
depends on the type and extent of possible interactions that they have. 
 
The theory suggests that when efficiency of energy transfer is high in an N-mer, both 
directly and indirectly excited fluorophores emit with the same probability and 
equation 1.7-4 gives the steady state anisotropy of such a system. In that equation it 
is assumed that in an N-mer 1  fluorophore is directly excited and (𝑁𝑁 − 1) 
fluorophores are indirectly excited by polarized light. However, it is known that most 
dyes in close proximity interact with each other and such interactions either enhance 
or quench the fluorescence emission (sections 1.9 and 1.10). Therefore,  𝑁𝑁  in 
equation 1.7.1-4 might give either lower (in case of fluorescence quenching) or 
higher anisotropy (in case of fluorescence enhancement) than experimental results. 
 
In these cases,𝑁𝑁in equation 1.7.1-4may be replaced with a term that accounts for the 
behaviour of fluorophores in a cluster of a particular size  
 
Equation 4.2.2-1  
𝑟𝑟𝑁𝑁 = 𝑟𝑟1 1 + (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )61 + 𝑞𝑞𝑁𝑁 . (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )6 + 𝑟𝑟𝑅𝑅𝐸𝐸𝑇𝑇 (𝑞𝑞𝑁𝑁 − 1)(𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )61 + 𝑞𝑞𝑁𝑁 . (𝑅𝑅𝑜𝑜 𝑅𝑅⁄ )6  
 
where 𝑞𝑞𝑁𝑁 is the apparent number of fluorophores in an 𝑁𝑁-mer. 
 
If a cluster is large and the distance between the fluorophores is too far to let them 
interact, or the fluorophores do not have the affinity to react with themselves, 
𝑞𝑞𝑁𝑁 = 𝑁𝑁, where N is the number of emitting particles in a cluster. If the fluorophores 
interact, depending on the type of their interaction, then𝑞𝑞𝑁𝑁 < 𝑁𝑁 or 𝑞𝑞𝑁𝑁 > 𝑁𝑁. 
 
A simple model of  𝑞𝑞𝑁𝑁 = 𝜌𝜌 ∙ 𝑁𝑁  may be used to investigate the general behaviour of 
fluorophores that quench (𝜌𝜌 < 1) or enhance (𝜌𝜌 > 1) when in close proximity. Such 
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interactions depend on inter-probe distance (R) and knowledge of 𝑅𝑅 is required to 
estimate the value of 𝜌𝜌  . However, for fluorophores thatdo not interact with 
themselves, 𝜌𝜌 =  1  and 𝑞𝑞𝑁𝑁 = 𝑁𝑁, for all inter-probe distances. For a particular 
fluorophore with known self-interaction behaviour, 𝜌𝜌 can be inversely proportional 
to inter-probe distances. 
 
In the present study, 11 four-way junctions were labelled with fluorescein. 
Fluorescein is known to self-quench [22], and the fluorescence anisotropy as a 
function of cluster size was studied. The anisotropy data were then analyzed using 
equation 4.2.2-1. 
4.3 Results and Discussion 
4.3.1 DNA Strands 
 
4.3.1.1 Intensity 
As all DNA samples were titrated with the same amount of fluorescein labelled 
DNA, it was expected (according to the assumption of equal fluorescence emission 
[1]), that they would have similar intensities and show the same rate of increase with 
increasing ratio of labelled DNA to DNA template, (figure 4.3.1.1.1, dashed line). 
However the observations showed that the rate of intensity increase was not as high 
as predicted by the theory and was not the same for all samples. The theory 
previously discussed in chapter 1 and developed by equation 3.2-1, predicts a steady 
increase of intensity upon increasing the fluorescein to DNA ratio, by assuming that 
e.g. a triply labelled DNA has an emission that is 3 times as intense as the emission 
of singly labelled DNA. However, as discussed in chapter 3, most dyes in close 
proximity have some interactions with each other that either quench or enhance their 
fluorescence emission[28] and fluorescein in particular shows quenching [22]. 
The measured intensities of most samples in the present work, especially with the 
F/D ratio above 50%, were below the predicted values (figure 4.3.1.1.1) due to the 
quenching behaviour of fluorescein molecules in close proximity. However the 
behaviour of all the samples were not the same and the intensities of the samples 
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with larger sizes, where the distances between the dyes were more, showed less 
quenching.  
 
 
 
Figure 4.3.1.1.1: Comparison of intensities of 11 samples of DNA upon fractional labelling with 
fluorescein. The samples with mutual distances (distances between two neighbouring dyes, R12) from 
≈3.1 nm(●) to ≈7.1nm(×)are shown. All the samples showed almost the same increase of intensity up 
to F/D ≈ 40%. However the intensities of shorter DNA samples increased less than expected with the 
shortest DNA template (●) showing the least increase upon increasing of F to D ratio. The dashed line 
shows theoretical intensity, calculated based on the assumption of equal fluorescence efficiency. As 
the distances between the dyes increased, the behaviour of their intensities became closer to the 
theory. 
 
The theory presented in chapter 3, equation 3.2.3, was then used to analyze the 
present data. At each stage of the fractional labelling, the samples were assumed to 
be a stochastic mixture of differently labelled DNA molecules and the intensity of 
the samples with 2 or 3 labels were assumed to be a factor of the intensity of mono 
labelled DNA, z2.Imono and z3.Imono (equation 4.3.1.1-1, table 4.3.1.1.1). The samples 
are compared based on the distances between neighbouring dyes (figure 4.3.1.1.2).  
Equation 4.3.1.1-1 
𝐼𝐼 = 3𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑜𝑜 𝑓𝑓(1 − 𝑓𝑓)2 + 3𝑧𝑧2 ∙ 𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑜𝑜 𝑓𝑓2(1 − 𝑓𝑓) + 𝑧𝑧3 ∙ 𝐼𝐼𝑚𝑚𝑜𝑜𝑛𝑛𝑜𝑜 𝑓𝑓3 
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Figure 4.3.1.1.2: An example of a DNA trimer with the gap of 6 nucleotides between the repeating 
sequences. R12 and R23 show the distances between two neighbouring dyes and are equal. All 11 
constructs were compared based on these distances that were from 30.6 to 7.14nm. 
R12 
R13 
R23 
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  𝑹𝑹𝟏𝟏𝟏𝟏, Å 
f 30.6 34 37.4 40.8 44.2 47.6 51 54.4 57.8 64.6 71.4 
0.12 729 ± 10 761 ± 17 711 ± 21 715 ± 38 765 ± 22 774 ± 26 794 ± 10 728 ± 12 728 ±  8 710 ± 23 728 ± 25 
0.2 889 ± 28 927 ± 10 939 ± 31 959 ± 21 932 ± 16 939 ± 33 915 ± 26 912 ± 11 955 ± 11 940 ± 13 912 ± 16 
0.28 1167 ± 12 1057 ± 27 1117 ± 35 1196 ± 9 1111 ± 30 1118 ± 30 1101 ± 37 1109 ± 9 1245 ± 8 1277 ± 15 1276 ± 10 
0.36 1373 ± 25 1370 ± 20 1382 ± 4 1395 ± 16 1397 ± 26 1423 ± 11 1456 ± 18 1492 ± 13 1533 ± 20 1594 ± 16 1526 ± 15 
0.44 1550 ± 24 1578 ± 31  1576 ± 10 1590 ± 14 1589 ± 28 1546 ± 31 1514 ± 47 1576 ± 12 1841 ± 16 1845 ± 15 1819 ± 15 
0.52 1838 ± 12 1749 ± 36 1760 ± 14 1893 ± 12 1920 ± 17 1823 ± 26 1839 ± 8 1892 ± 15 2094 ± 7 2038 ± 11 2071 ± 13 
0.6 2036 ± 12 1989 ± 17 1975 ± 25 2086 ± 14 2134 ± 30 2158 ± 21 2241 ± 11 2376 ± 11 2561 ± 17 2561 ± 19 2576 ± 13 
0.68 2165 ± 16 2166 ± 22 2170 ± 16 2195 ± 11 2237 ± 24 2263 ± 7 2397 ± 20 2573 ± 10 2931 ± 25 2988 ± 20 2907 ± 62 
0.76 2320 ± 23 2346 ± 10 2371 ± 25 2384 ± 7 2436 ± 17 2530 ± 19 2640 ± 14 2751 ± 17 3083 ± 11 3085 ± 9 3085 ± 12 
0.84 2479 ± 23 2455 ± 7 2523 ± 8 2555 ± 17 2660 ± 37 2756 ± 24 2872 ± 19 3062 ± 24 3418 ± 15 3401 ± 10 3434 ± 22 
0.92 2449 ±21 2499 ± 28 2551 ± 38 2647 ± 18 2754 ± 19 2915 ± 17 3095 ± 63 3328 ± 23 3631 ± 18 3634 ± 14 3614 ± 37 
1 2430 ± 46 2553 ± 25 2476 ± 57 2830 ± 26 2930 ± 23 3061 ± 22 3294 ± 6 3554 ± 20 3974 ± 12 3954 ± 19 3954 ± 37 
z2 1.412 1.351 1.366 1.374 1.377 1.337 1.345 1.41 1.658 1.677 1.653 
z3 1.528 1.582 1.587 1.71 1.786 1.893 2.034 2.193 2.42 2.409 2.413 
 
Table 4.3.1.1.1:Emission intensities of fluorescein labelled DNA samples. The values for emission intensities were averaged out 3 measurements. The binomial distribution 
formula (equation 4.3.1.1-1) was used to analyze the data and the fitted parameters were the intensity of mono labelled templates, z2 and z3. The values of the two latter 
parameters were different for different samples and are shown in table. 
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The fitted parameters of z2 and z3 were different for different samples. The values of 
these two parameters increased as the size of the oligonucleotides got larger and z2  
and z3 became closer to the theoretical values of 2 and 3 respectively. This 
observation showed that in close proximity the interaction of the dyes were more 
effective and experimental data showed more deviation from the old theory at this 
level. 
Although the values of z2  and z3 increased with increasing distance,  they levelled off 
below these values (table 4.3.1.1.1,figure 4.3.1.1.3). Other mechanism of quenching, 
rather than local concentration (distance dependent) might be the reason for such 
behaviour. 
 
Figure 4.3.1.1.3: Comparison of the values of the fitted parameter, z3, for samples with different 
distances between dyes and consequently different extent of self quenching. Although the factor 
showed an increase as the distance increased it did not get the theoretical values of three.  
 
4.3.1.2 Anisotropy 
Anisotropies of the sample showed the expected trend of decrease over increasing 
fractional labelling. However the trend got less obvious as the distance between the 
neighbouring dyes increased (table 4.3.1.2.1, figure 4.3.1.2.1). 
 
 
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
40 50 60 70 80 90 100
fit
te
d 
pa
ra
m
et
er
, z
3
average distance between dyes, Å
83 
 
 
 
Figure 4.3.1.2.1:  Comparison of anisotropies of the set of 11 different samples. All the measurements were 
done on the samples that were left in -20°C freezer for a couple of hours.  
 
To avoid the reduction in anisotropy caused by molecular tumbling that can interfere with 
homo-FRET studies and to make sure that all fluorescein labelled DNA molecules were 
fused to DNA templates, samples were left in -20°C freezer for a couple of hours, and the 
measurements were done right after the samples were taken out of the freezer.   
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f 30.6 34 37.4 40.8 44.2 47.6 51 54.4 57.8 64.6 71.4 
0.12 0.1708±0.001 0.1804±0.001 0.1824±0.004 0.1856±0.002 0.1856±0.005 0.1856±0.003 0.1862±0.001 0.1863±0.004 0.1984±0.004 0.1881±0.004 0.1829±0.001 
0.2 0.1686±0.001 0.175±0.002 0.178±0.001 0.1817±0.001 0.1824±0.004 0.1843±0.005 0.1843±0.003 0.1845±0.005 0.198±0.005 0.1874±0.005 0.1827±0.001 
0.28 0.1566±0.001 0.1691±0.001 0.1691±0.002 0.1826±0.001 0.1812±0.001 0.1824±0.001 0.1824±0.001 0.1829±0.005 0.1948±0.005 0.1872±0.005 0.1825±0.003 
0.36 0.1493±0.001 0.1657±0.001 0.1667±0.001 0.1678±0.002 0.1708±0.001 0.1758±0.004 0.1798±0.003 0.1803±0.004 0.1966±0.004 0.187±0.004 0.1822±0.001 
0.44 0.1381±0.002 0.1599±0.001 0.1629±0.002 0.1633±0.001 0.1703±0.002 0.1723±0.005 0.1761±0.003 0.1767±0.003 0.1946±0.003 0.1876±0.003 0.1798±0.006 
0.52 0.1295±0.001 0.1484±0.001 0.1494±0.001 0.1593±0.002 0.1593±0.004 0.1629±0.001 0.1698±0.003 0.1708±0.003 0.1908±0.003 0.1852±0.003 0.1777±0.005 
0.6 0.1189±0.001 0.1372±0.001 0.1409±0.003 0.1547±0.001 0.1508±0.005 0.1508±0.002 0.1624±0.002 0.1747±0.002 0.184±0.002 0.1832±0.002 0.1776±0.007 
0.68 0.109±0.001 0.1096±0.001 0.1102±0.002 0.1434±0.001 0.1433±0.003 0.1483±0.001 0.1583±0.002 0.1661±0.001 0.1838±0.001 0.1861±0.001 0.1765±0.001 
0.76 0.0979±0.002 0.0891±0.001 0.1095±0.004 0.1267±0.001 0.1367±0.004 0.1451±0.001 0.1451±0.004 0.1625±0.004 0.1747±0.004 0.1801±0.004 0.1736±0.001 
0.84 0.08±0.001 0.0858±0.002 0.102±0.001 0.1145±0.001 0.1245±0.004 0.1329±0.001 0.1429±0.004 0.1538±0.015 0.1724±0.015 0.1821±0.015 0.1724±0.001 
0.92 0.0775±0.001 0.0821±0.002 0.097±0.001 0.1025±0.002 0.1175±0.001 0.1276±0.001 0.1404±0.003 0.1463±0.015 0.1709±0.015 0.1771±0.015 0.172±0.007 
1 0.0728±0.002 0.0788±0.002 0.0801±0.002 0.0987±0.002 0.1087±0.004 0.1237±0.003 0.1402±0.001 0.1442±0.014 0.1646±0.014 0.1701±0.014 0.1718±0.005 
 
Table 4.3.1.2.1: Anisotropies of 12 stages of fractional labelling of 11 samples. The results shown here are averages of the results of 3 measurements  
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Fitted parameters of emission and zi were used to fit the data and the anisotropies of 
individual species, r1, r2, r3 were calculated for all samples (equation 4.3.1.2-1): 
 
Equation 4.3.1.2-1 
 
𝑟𝑟(𝑓𝑓, 3) = 3. 𝑓𝑓(1 − 𝑓𝑓)2𝑟𝑟1 + 3. 𝑧𝑧2. 𝑓𝑓(1 − 𝑓𝑓)2𝑟𝑟2 + 𝑧𝑧3. 𝑓𝑓(1 − 𝑓𝑓)2𝑟𝑟33. 𝑓𝑓(1 − 𝑓𝑓)2 + 3. 𝑧𝑧2. 𝑓𝑓(1 − 𝑓𝑓)2 + 𝑧𝑧3. 𝑓𝑓(1 − 𝑓𝑓)2  
 
R12, nm 3.06 3.4 3.74 4.08 4.42 4.76 5.1 5.44 5.78 6.46 7.14 
r1 0.1884 0.1939 0.1927 0.1923 0.1901 0.1918 0.1936 0.1857 0.1867 0.1856 0.1848 
r2 0.0991 0.1205 0.1342 0.1636 0.1591 0.1569 0.1675 0.1853 0.1822 0.1953 0.1783 
r3 0.0713 0.0714 0.081 0.0935 0.109 0.1231 0.1356 0.1433 0.1662 0.1727 0.171 
 
Table 4.3.1.2.2: Anisotropies of singly labelled, r1,doubly labelled, r2, and triply labelled,r3, DNA 
trimers. r1, r2, r3were fitted parameters using equation 4.4.1.2-1 and information (z2, z3) obtained from 
intensity measurements. 
 
Figure 4.3.1.2.2: Comparison of 3 fitted parameters of data analysis: r1,r2,r3 that show the 
anisotropies of different constructs with different numbers of labels: one label,r1, (), two labels,r2, 
() and three labels, r3,().  
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Anisotropy of the mono labelled DNA templates of all samples were almost the 
same, indicating that at low temperatures that molecular motions are less, differences 
in molecular weights do not make a noticeable change in fluorescence. The 
anisotropies of doubly labelled samples however, were lower for smaller construct 
because of higher chance of resonance energy transfer. The trend of increase was 
less obvious than that of triply labelled species (r3) because r2 was an average of 
anisotropies of two forms of doubly labelled species, 66% with the distance of R12 
(or R23 ) between the fluorophores and 33% with the distance of R13. 
If anisotropies of partly labelled species are known, their inter-probe distances that 
are either the distance between the reacting sites of a template structure or the 
distances between the subunits of a cluster, will be known. 
 
4.3.2 Four-way junctions 
Four-way junctions were generated as a model system to study homo-FRET at 
varying distances (figure 4.3.2.1). A series of 11 sets of labelled oligonucleotides 
that differed by only two nucleotides, 12 to 32 mers spanning the range, (figure 
2.6.5.1) were prepared and their emission anisotropy measured (figure 4.3.2.1).  
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Figure 4.3.2.1:Structures of 11 fluorescein-labelled four-way junctions 
 
The results presented in figure 4.4.2.1 and table 4.4.2.1 revealed that a change of two 
nucleotides in length didn’t influence the anisotropy of the molecule. The 
anisotropies of the unassembled oligonucleotides were only slightly different from 
each other. Upon hybridization and formation of four-way junctions, the anisotropy 
increased as might be expected as the mass of the junctions increased four times 
relating to unassembled oligonucleotides. However, the increasing trend was not 
constant for all junctions, was less for smaller junctions and reversed for FJ6. By 
considering the fact that formation of junctions may bring the fluorescein molecules 
into a range for excitation energy transfer, the trend can be explained. In the case of a 
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small junction with an arm length of 6 base pairs (FJ6), where the homo-FRET 
efficiency was approximately 90%, the anisotropy decrease compare to 
oligonucleotides (table 4.3.2.1 and figure 4.3.2.2).  
 
junction anisotropy oligonucleotide anisotropy 
FJ 16 0.0781 ± 0.0007 32-mer 0.0623 ± 0.0039 
FJ 15 0.075 ± 0.0008 30-mer 0.0583 ± 0.0049 
FJ 14 0.0739 ± 0.0015 28-mer 0.0575 ± 0.0047 
FJ 13 0.0720 ± 0.0010 26-mer 0.0563 ± 0.0032 
FJ 12 0.0715 ± 0.0007 24-mer 0.0558 ± 0.0030 
FJ 11 0.0696 ± 0.0021 22-mer 0.0555 ± 0.0027 
FJ 10 0.0664 ± 0.0015 20-mer 0.0538 ± 0.0037 
FJ 9 0.0636 ± 0.0017 18-mer 0.0528 ± 0.0013 
FJ 8 0.0575 ± 0.0022 16-mer 0.0520 ± 0.0026 
FJ 7 0.0490 ± 0.0013 14-mer 0.0485 ± 0.0028 
FJ 6 0.0433 ± 0.001 12-mer 0.0490 ± 0.0021 
 
Table 4.3.2.1: Anisotropies of oligonucleotide were measured before and after hybridization 
 
Figure 4.3.2.2: The anisotropies of free oligonucleotides of the lengths 12 to 32 nucleotideslong () 
and the resulting four-way junctions, FJ6 to FJ16 (); There was a slight change in anisotropy with 
the change in the molecular weight of the oligonucleotides. Fluorescence anisotropy increased when 4 
oligonucleotides joined to form junctions; however such increases were modified for the smaller 
junctions due to the high possibility of energy transfer between the dyes on the arms. The anisotropies 
of oligonucleotides were averaged out of the anisotropies of four different strands. 
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To confirm homo-FRET, the anisotropy measurements were repeated on frozen 
samples where rotational diffusion and the consequent depolarization were reduced. 
All four-way junctions were left in a -30ºC freezer (in 384-well plates) for a couple 
of hours and the anisotropies immediately measured 24 times over a period of 17 
minutes and 30 seconds, during which they thawed. Freezing the samples was done 
to minimize rotational diffusion and its consequent effect on anisotropy. The same 
trends observed at room temperature, existed at low temperatures when rotational 
diffusion was minimized. At both temperatures the anisotropy of the small junctions 
was below those of the longer constructs and varied according to their different 
FRET efficiencies. This suggests homo-FRET to be length-dependent depolarization. 
It was also obvious that when FRET efficiency became low for larger constructs, the 
anisotropy converged at both very low temperatures and room temperature showing 
that the slight increase in size did not change the rotational correlation times 
considerably (figure 4.3.2.2). 
 
Figure 4.3.2.2:The graph shows the anisotropy change of 11 four-way junction samples upon 
temperature changes from approximately -30°C to room temperature during 24 measurements, over 
1006 seconds. Sample□ has the arm length of 6 bp and the FRET efficiency of approximately 92%. 
Homo-FRET depolarizes the emission of the samples with higher FRET efficiencies even when they 
are frozen. Data set , - , belong to  junctions with arm length of  7, 8 and 9 bp and FRET efficiency 
of 86, 61 and 49% respectively and their anisotropies were different on this basis. For the rest of the 
junctions, where FRET efficiencies were below 30%, anisotropies were not very different from each 
other as the main variable was the viscosity of the water that was changing during the course of the 
time and temperature changing. 
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Another way to verify the occurrence of energy transfer in the junctions is by 
titration with magnesium ion. In the presence of positive metallic ions, junctions fold 
into the stacked X-structure[164].Different amounts of buffer solution containing 
magnesium ions were added to FJ6 and FJ16 and their anisotropy measured (figure 
4.4.2.3). The addition of Mg2+ ion was expected to gradually change the 
conformation to the folded form, bringing the arms closer together.  Mg2+ did not 
influence the efficiency of the energy transfer in FJ6, as the distance between the 
fluorescein molecules was approximately 3.4 nm (<0.8 of R/Ro) [23]. In FJ16, 
however, the fluorescein molecules were initially farther apart and upon folding of 
the arms, they, two by two, allowing energy transfer. From junction folding as a 
function of magnesium concentration was observed as a reduction in anisotropy 
ascribed to increased energy transfer (table 4.3.2.2 and figure 4.3.2.3). 
 
[Mg]2+, (µM) FJ 16 FJ 6 
0 0.0742 ± 0.0006 0.0422 ± 0.0003 
10 0.0728 ± 0.0005 0.0417 ± 0.0008 
20 0.0722 ± 0.0003 0.0433 ± 0.0005 
30 0.0706 ± 0.0002 0.0416 ± 0.0002 
40 0.0698 ± 0.0001 0.0431 ± 0.0004 
50 0.0698 ± 0.0005 0.0414 ± 0.0005 
60 0.0654 ± 0.0003 0.0409 ± 0.0002 
70 0.0637 ± 0.0004 0.0418 ± 0.0002 
80 0.0634 ± 0.0002 0.0421 ± 0.0002 
90 0.0617 ± 0.0002 0.0416 ± 0.0001 
100 0.0619 ± 0.0003 0.0441 ± 0.0001 
110 0.0596 ± 0.0008 0.0415 ± 0.0002 
 
Table 4.3.2.2: Anisotropies of FJ6 and FJ16 at different salt concentrations. 
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Figure 4.3.2.3: Anisotropy of FJ16 decreased upon titration with magnesium chloride solution. As 
concentration of Mg2+ FJ16 increased the junction folded more and energy transfer between the dyes 
happened more efficiently. In FJ6 however progression of folding did not change the energy transfer 
efficiency as the distance between the dyes was already less than 0.8 Ro. All the measurements were 
done within 10 minutes after salt addition[155]. 
 
4.3.3 Distances 
In a square planar structure (figure 4.3.3.1), the mutual distance of the dyes on the 
two sides (c, b) is less than the distance along the diameter (a). However where the 
size of the junctions allows the mutual distances of the dyes to be less than 0.8 
R/Ro,(e.g. in FJ6 and FJ8,) these differences would not be distinguished as the 
anisotropy would  stay constant (equation1.7-4) [23]. In larger junctions, the dyes do 
not interact equally along different distances and the difference in efficiency of 
energy transfer between mutual dyes would change the probability of energy 
transfer. 
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Figure 4.3.3.1:In smaller junctions 𝑹𝑹 𝑹𝑹𝒐𝒐⁄ < 0.8 the difference between the efficiencies of energy 
transfer through sides (1→2, 1→4) and through diameter (1→3) is negligible. For FJ9 to FJ16, where 
the mutual distances of the dyes were beyond  𝟎𝟎. 𝟖𝟖𝑹𝑹𝒐𝒐  , FRET efficiencies along the sides and 
diameter were considerably different; e.g. For FJ16 the energy transfer was approximately 8 times less 
efficient through the diameter.  
 
4.3.4 Self-quenching 
4.3.4.1 Intensity 
All the fluorescein labelled oligonucleotide samples were prepared with the same 
concentration (25µM) and their emission intensities measured before and after 
making four-way junctions. The emission intensities of the free oligonucleotides 
were similar, but the resulting four-way junctions showed variable emission 
intensities with the shortest showing signs of quenching. The intensities of four-way 
junctions were generally lower than the intensities of the labelled oligonucleotides; 
however, there was a gradual increase in intensity with the increase in size of the 
junction (figure 4.3.4.1.1).  
This may be understood if upon hybridization, the fluorescein molecules local 
environment changed. In the new arrangement, the fluorescein molecules were closer 
to each other allowing the possibility of self-quenching and, consequently, they 
showed behaviour deviating from assumption of equal fluorescence efficiency[23]. 
The local concentrations were higher in smaller four-way junctions; where the arms 
were short and the proximity of the dyes was able to facilitate self-quenching. It was 
assumed that in FJ16, where the average inter-probe distance was approximately8.8 
nm, there was almost no self-quenching. As a result its emission intensity was very 
close to that of free oligonucleotides. The same fluorescence intensity was expected 
for all other junctions in the absence of self-quenching (table 4.3.4.1.1). 
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junction intensity oligonucleotide intensity 
FJ 16 34970 ± 859 32-mer 35142 ± 361 
FJ 15 34469 ± 476 30-mer 34877 ± 219 
FJ 14 33907 ± 1048 28-mer 35449 ± 316 
FJ 13 33243 ± 532 26-mer 34923 ± 526 
FJ 12 31680 ± 948 24-mer 34623 ± 791 
FJ 11 30826 ± 692 22-mer 35451 ± 469 
FJ 10 30569 ± 508 20-mer 34472 ± 437 
FJ 9 30409 ± 828 18-mer 34835 ± 831 
FJ 8 30131 ± 808 16-mer 34522 ± 699 
FJ 7 29578 ± 618 14-mer 34292 ± 418 
FJ 6 25439 ± 1056 12-mer 35383 ± 629 
 
Table 4.3.4.1.1: Fluorescence intensities of free oligonucleotides and their resulting four-way 
junctions were measured at the same PMT gain of 50. The results were averaged out of six 
measurements. 
 
 
Figure 4.3.4.1.1: Comparison of fluorescence emission intensities of fluorescein labelled DNA 
molecules before () and after () generating four-way junctions. In spite of having equal molar 
concentrations and the same number of dyes per clusters, fluorescence emission intensities did not 
match. The intensities increased as the average mutual distance of fluorescein molecules increased 
from FJ6,3.3 nmto FJ16,8.8 nm, () because the local dye concentration got less as molecules got 
bigger and self-quenching occurred less. It was assumed that for FJ16 there was no self-quenching 
and the intensity was assumed to be the expected fluorescence intensity in the absence of self-
quenching for all other samples, because its intensity was approximately the same fluorescence 
intensity as free oligonucleotides ().  
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4.3.4.2 Fitting anisotropy data 
To fit the anisotropy data to theory based on the assumption of equal fluorescence 
efficiency, equation 1.7.1-4 may be used. For all data points  𝑟𝑟1 = 0.077  and 
𝑟𝑟𝑐𝑐𝑡𝑡 = 0.016 and R was the average distance between fluorescein molecules in each 
four-way junction. As described in chapter 3, when interpreting anisotropy data, self-
quenching might cause misinterpretation of the cluster size by underestimating the 
number of labelled subunits, 𝑁𝑁. 
In anisotropy measurements in junctions the same inconsistency was observed. 
While all the junctions had four labelled arms (𝑁𝑁 = 4), the theoretical model of  
𝑁𝑁 = 2 gave a better fit (figure 4.3.4.2.1). It seemed as if due to self-quenching the 
number of emitting dyes became less and anisotropy did not decrease as much as 
predicted by theory. 
 
Figure 4.3.4.2.1: Direct comparison, based on equation 1.7.1-4, N=4(solid line), N=2(dashed line) 
and the anisotropy data (). For both simulations  𝒓𝒓𝟏𝟏 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎 ,  𝒓𝒓𝑹𝑹𝑹𝑹𝑹𝑹 = 𝟎𝟎. 𝟎𝟎𝟏𝟏𝟎𝟎, R was the average 
distance between fluorescein molecules (square planar model). It seemed as if the theory predicts the 
cluster to be a dimer rather than a tetramer. Self-quenching caused the contribution of the dark 
fraction to decrease the apparent N to 2. As the value of the anisotropy of fluorescein is low it can be 
assumed that that κ2 and Ro have the same values for all the fluorescein on all the four-way junctions 
[164]. 
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Such inconsistencies were expected to be more obvious for smaller junctions, where 
self- quenching was more probable.  
The issue might be due to the fact that in the formula based on the assumption of 
equal fluorescence efficiency (equation 1.7-4) for a cluster with 4 labelled subunits, 
𝑁𝑁  is equal to 4  for all clusters independent of their size or distance between 
fluorophores. The theory does not predict interactions between clustered 
fluorophores resulting in brightness changes and therefore under-predicts the 
anisotropies, similar inconsistencies have been reported before [28]. As the sizes of 
the junctions increased, self-quenching became less probable and the difference 
between results and the theoretical model became less (figure 4.3.4.2.1).  
Therefore equation 1.7-4 was modified by a term accounting for the behaviour of the 
fluorophores in a cluster of a particular size, and was rewritten as equation 4.2.2-1. 
The equation was then used to fit the data (figure 4.3.4.2.2). The ratio of  𝑅𝑅 𝑅𝑅𝑜𝑜⁄  was 
used to estimate 𝑞𝑞𝑁𝑁  because these two values seemed to be directly proportional, the 
shorter the distance the more effective the interaction. It was assumed that 𝑞𝑞𝑁𝑁   
changed with  𝑅𝑅 𝑅𝑅𝑜𝑜⁄  and the empirical values for 𝑞𝑞𝑁𝑁  were calculated (table 4.3.4.2-
1).  The distance ratios increased by the absolute value of 0.114 from one junction to 
the next.  
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arm, bp R sides, nm 
R diameter, 
nm 
R 
average,nm R/Ro E% qN r theory r experiment 
6 2.88 4.08 3.28 0.67 91.7 2.883 0.0388 0.0442 ± 0.001 
7 3.37 4.76 3.83 0.782 81.4 2.995 0.0405 0.0490 ± 0.0013 
8 3.85 5.44 4.38 0.893 66.3 3.107 0.0436 0.0575 ± 0.0022 
9 4.33 6.12 4.92 1.005 49.2 3.218 0.0482 0.0636 ± 0.0017 
10 4.81 6.8 5.47 1.117 34 3.33 0.0538 0.0664 ± 0.0015 
11 5.29 7.48 6.02 1.228 22.5 3.442 0.0595 0.0696 ± 0.0021 
12 5.77 8.16 6.57 1.34 14.7 3.553 0.0646 0.0715 ± 0.0007 
13 6.25 8.84 7.11 1.452 9.6 3.665 0.0685 0.0720 ± 0.0010 
14 6.73 9.52 7.66 1.563 6.4 3.777 0.0713 0.0739 ± 0.0015 
15 7.21 10.2 8.21 1.675 4.3 3.888 0.0733 0.075 ± 0.0008 
16 7.69 10.88 8.76 1.787 3 4 0.0747 0.077 ± 0.0022 
 
Table 4.3.4.2.1: The theoretical model with the 𝒒𝒒𝑵𝑵values, calculated based on increasing 𝑹𝑹/𝑹𝑹𝒐𝒐 to fit the measured anisotropy of a set of 11 four-way junctions. The base 
length of 0.34nmis considered when calculating Rs. Distances between the dyes increased by 0.112 nmand the distance –dependent self-quenching decreased with the same 
rate. 
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Figure 4.3.4.2.2: Comparison of two different fits. Theoretical fit,(dashed line), based on equation 
1.7.1-4 with 𝑁𝑁 =  4,  and fit based on equation 4.2.2-1,with varying qN, (solid line).Ro was the 
parameter to fit the data and its final value was solved as 3.76 nm.  
 
The parameter to fit was Ro as the value of Ro is not constant and may vary if the 
quantum yield of the fluorophore changes in different compounds [66]. The fitted 
Roof the empirical fit in figure 4.3.4.2.2 was approximately 3.76 nm. Based on the 
fitted Ro , table 4.3.4.2.1 was rewritten as follows (table 4.3.4.2.2): 
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arm,bp (R/Ro) E% qN r theory 
6 0.873 69.3 2.54 0.0388 
7 1.019 47.2 2.69 0.0405 
8 1.164 28.7 2.84 0.0436 
9 1.31 16.5 2.98 0.0482 
10 1.455 9.5 3.13 0.0538 
11 1.601 5.6 3.27 0.0595 
12 1.746 3.4 3.42 0.0646 
13 1.892 2.1 3.56 0.0685 
14 2.037 1.4 3.71 0.0713 
15 2.183 0.9 3.85 0.0733 
16 2.328 0.6 4 0.0747 
 
Table 4.3.4.2.2:Parameter 𝒒𝒒𝑵𝑵 recalculated according to the new Ro. The values of the parameters 
were slightly less than what estimated before. The difference became less as the size the junctions 
increased. 
Methods based on distance-dependent fluorescence self-quenching, as a function of 
local concentration, have been widely used to study swelling or shrinking of cells 
upon water volume changes. Fluorophores have been injected into the cells and the 
extent of their fluorescence intensity as function of cell volume investigated [224-
226].To show the applicability of DNA origami as a well-controlled scaffolding 
material, photofunctional origami nanoclusters have been designed and quenching 
behaviour of Cy5 in the proximity of gold nanoparticles is observed and it is shown 
that gold nanoparticles exhibit measurable quenching effects. The dyes are spaced to 
have mutual distances of 5 nm to 100 nm and effective quenching up to 22 nm is 
shown[227]. 
The intensity data can also be used in similar cases to find an empirical fit for the 
data. In these cases the ratio of the emission intensity of each species to the total 
intensity (without quenching) can be calculated and the ratio can be used as a 
correction factor for N.  
The interaction of the dyes influences the fluorescence intensities of individual dyes. 
Such interactions, either fluorescence quenching or enhancement, are stronger when 
the dyes are in close contact, N should be regarded as a relative rather than an 
absolute concept. In the examined series of four-way Holliday junctions, as the inter-
probe distances increased, dyes interaction, quenching, became less and the value of 
qN  got closer to 4.  
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4.4 Conclusion 
The proposed model gives a general formula for the existing theory [23] and will be 
useful to quantify clusters using homo-FRET, especially if the assumption of 
fluorescence additivity in clusters does not apply, either due to self-quenching or 
emission enhancement. 
Self-quenching is a concentration (distance) dependent phenomenon and its extent 
shows how closely the fluorophores are packed in clusters. Self quenching causes 
misinterpretation of the cluster size by underestimating the number of labelled 
subunits, N[28]. The correction factor, qN, introduced here, has been applied in the 
present study to correct for the dark fraction of the dyes after self-quenching and its 
value, was estimated based on the distances of fluorophores. 
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5 Conclusion 
Fluorescence anisotropy is widely applied to study aggregate formation in living 
cells [228]. There are a number of well applied theories [1, 2, 23, 24] to quantify 
cluster sizes. The theories are based on a number of assumptions and are restricted to 
randomly oriented fluorophores with “equal fluorescence efficiency”. The 
assumption states that the emission behaviour of dyes in close proximity with other 
fluorophores of the same type is the same as the free dyes, so to predict the intensity 
of a cluster of n fluorophores, the intensity of a single emitting unit can be multiplied 
by n. This assumption simplifies descriptions of anisotropy behaviour of clusters and 
the anisotropy trends as the fractional labelling of the cluster changes. However it is 
well understood that fluorescent dyes, if their mutual distance allows, interact with 
themselves and such interactions either enhance or quench their emissions [22] so in 
any of these cases the intensity of the fluorophore would not follow the additivity 
assumption of the theory. 
Although self-quenching of fluorescein in clusters of labelled melittin has been 
observed and discussed by Runnels and Scarlata, its effect on cluster quantification 
has not been considered when analyzing anisotropy data [23]. 
If dyes, in close proximity, show quenching behaviour, the intensity of the ensemble 
would be less than expected. Such an inconsistency causes the anisotropy to be 
under-predicted and the size of the cluster to be under-estimated. On the other hand 
if the intensity of the fluorophores is enhanced, the size of the cluster would be 
overestimated. 
The anisotropy of multi-labelled clusters is determined by the extent of energy 
transfer (homo-FRET) which in turn is a function of the number of the fluorophores 
and the distance between  them. Although the distance dependency of resonance 
energy transfer is well described and well tested, there has been no consistent picture 
about how the distance may influence other interactions such as emission 
enhancement or self quenching of the dyes which in turn determines the effective or 
apparent N. 
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Intensity measurements of multi-labelled clusters reveal the type of interaction that 
takes place between the dyes. The theory presented here can use the information 
obtained from intensity data to analyze anisotropy data of multiply labelled systems, 
with the assumption  that the fluorophores are randomly oriented.  Information 
obtained from intensity measurements can be used to  a) find  effective N( qN=𝜌𝜌.N)  
that is particularly important in small clusters where the distance between the 
fluorophores allow interaction such as self quenching, b) find out the intensity of 
singly, doubly, triply, ,.. labelled species in stochastic mixtures, that depending on 
the photophysics of the dye might be greater than, less than or equal to  i.Imono,(i= 
1,2,3,…).  
For a cluster of a particular size that has undergone fractional labelling, if 
fluorescence intensity data of the stochastic mixture of each stage of labelling is 
present, the intensity of differently labelled species can be determined as fitted 
parameters. By knowing the intensity of differently labelled species in a stochastic 
mixture the study of the anisotropy of the system becomes possible, the anisotropy of 
the individual species in the stochastic mixture can be found and the study will not 
be restricted to cases where R/Ro < 0.8.  
The anisotropy data of the individually  labelled species can then be used to figure 
out the distance between the dyes and their relative orientations. 
The theoretical models are used to analyze the anisotropy data of FITC labelled 
BSA. As FITC molecules undergo quenching when in proximity, the existing 
theoretical models failed to fit anisotropy data of BSA over fractional labelling with 
FITC. The model was then modified and a correction factor was introduced to count 
for intensity behaviour, named as zi  (equation 3.2-1,-2). DNA model systems were 
then fractionally labelled with fluorescein and the new theoretical model was used to 
fit the data  and the intensity and anisotropy of individual species in stochastic 
mixtures were successfully found out. By finding anisotropies of individual, partly 
labelled species, in a stochastic mixture, more detailed information about the 
structures of the molecules such as distances between their reacting sites would be 
obtained. In the present work for example, r2 and r3wouldbe used to calculate 
distances between neighbouring fluorophores. To do more robust studies however, 
constructs with known structures must be used. 
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To find out distance dependent non-additivity and its effects on intensity and 
anisotropy, DNA four way junctions in a range of different sizes, labelled with 
fluorescein on each arm, were chosen as model systems. The intensities of four way 
junctions labelled with fluorescein changes with the size of the construct and are the 
lowest for the smallest constructs. A correction factor,  qN,  was introduced to the 
existing formula  to count for distance dependent quenching. The values of qN were 
empirically estimated based on changes in the distances between the dyes in different 
four way junctions. 
In the present study, the importance of considering the photophysical properties of 
the fluorophores has been mainly discussed for systems undergoing fractional 
labelling  or when the intensity and anisotropy of a set of similar clusters of different 
sizes are being compared. It will also be very useful to study the anisotropy of single 
systems (not in stochastically defined ensembles), with known photophysical 
properties, undergoing homo-FRET. 
If similar systems with different sizes are labelled with the same number of the same 
dye, the distance between the dyes can be calculated or experimentally verified using 
the presented theory, because the extent of these interactions, e.g. quenching [227], 
depends on the distance between the fluorophores.  
The applicability of the models has been tested by analyzing the anisotropy data of 
an assembled tetrameric cluster of fluorescent proteins as well[28]. 
Some of the present studies on DNA have been done at a very low temperature. As 
fluorescence emission is temperature dependent  [229],  the individual observations 
and results  might not be simply generalized to any condition. Similar fluorescence 
studies in systems with higher rotational correlation times may allow for measuring 
homo-FRET in the absence of rotational diffusion at room temperature and this is the 
area of work that is currently being done on Lysozyme labelled with Alexa flour 
488. 
Although assumptions such as equal fluorescence efficiency simplify the theoretical 
treatment of clustering, they restrict their applications and may cause 
misinterpretation if not applied carefully. For example the other assumption of the 
theory is the assumption of random orientation of the fluorophores that is not always 
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valid either, e.g. for fluorescent proteins when the rotational correlation times are 
high in comparison with lifetime and the energy is not completely depolarized 
through rotational diffusion [4, 67]. This is an important area of work which has 
partly been covered [4] and needs more extensive work in future. 
Such considerations are crucial when designing and making optimal fluorophores for 
studying protein interactions while making clusters  and in studies about receptor 
activation, plaque formation, or  similar  processes underlying disease states. In 
particular, such studies improve in vivo methods that involve imaging and anisotropy 
[230-234].  
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